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ABSTRACT OF DISSERTATION 
 
 
 
 
 
N-DOPED MULTIWALLED CARBON NANOTUBES: FUNCTIONALIZATION, 
CHARACTERIZATION AND APPLICATION IN LI-ION BATTERIES 
 
The focus of this dissertation is to utilize chemical functionalization as a probe to 
investigate the reactivity of N-doped multiwalled carbon nanotubes (N-MWCNTs). 
The surface of N-MWCNTs, being a set of potentially reactive graphene edges, 
provides a large number of reactive sites for chemical modification, so considerable 
changes in chemical and physical properties can be envisaged. We observed that both 
reduction (dissolving metal reduction/alkylation) and oxidation (H2SO4/HNO3 and 
H2SO4/KMnO4 mixtures) of N-MWCNTs lead to formation of interesting spiral 
channels and spiraled carbon nanoribbons. A variety of techniques, including TGA, 
SEM, TEM, XRD and surface area measurements were used to analyze these new 
textural changes. We have developed methods to demonstrate that specific chemistry 
has occurred on these new structures. To this end, we introduced metal-binding 
ligands that could be used as probes in imaging and spectroscopic techniques 
including TEM, STEM, EDX, and EELS. A proposal for the underlying structure of 
N-MWCNTs responsible for the formation of the new textures is presented. We have 
investigated the performance of our materials as potential negative electrodes for 
rechargeable lithium ion batteries. 
 
Keywords: N-MWCNTs, chemical functionalization, spiral channels, spiraled carbon 
nanoribbons, lithium ion batteries. 
 
 
 
                                                                                                        Aman Preet Kaur 
 
                                                                                                           05/03/2013 
                                                                                                
 
 
 iii 
 
 
 
 
 
 
 
 
 
 
N-DOPED MULTIWALLED CARBON NANOTUBES: FUNCTIONALIZATION, 
CHARACTERIZATION AND APPLICATION IN LI-ION BATTERIES 
 
By 
Aman Preet Kaur 
 
 
 
 
 
 
 
 
                                                                                                           
                                                                                                        Dr. Mark S. Meier 
  
                                                                                                     Director of Dissertation 
  
                                                                                                     Dr. John E. Anthony 
                                                                                                 Director of Graduate Studies 
  
                                                                                                             05/03/2013           
                                                                                                                Date 
 
 
 
 iv 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dedicated to my grandparents and parents 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v 
 
ACKNOWLEDGEMENTS 
At the outset I would like to express my deepest gratitude to Manindar Kaur (mam) 
and Virendra Singh (sir) who motivated me to pursue Ph.D. studies. I am indebted to 
the efforts they have put in setting up research as my career path. I am thankful to 
them to provide me with love and strength at all times in my life. I would like to 
dedicate this dissertation to my late grandparents and my mom (Nirmal Kaur Dhillon) 
and dad (S. H. S. Dhillon). Their unconditional love and affection provided me the 
strength to accept all the challenges in my life. I would like to express my love to my 
brother (Simranjit Dhillon) and cousin (Navneep Sandhu) with whom I shared all my 
joys and sorrows. I sincerely thank my relatives who always kept me in their prayers 
especially, my aunt (massi).  
 
I would like to express my deepest acknowledgement to my advisor, Dr. Mark S. 
Meier, who continuously guided and supported me throughout my Ph.D. career. He 
provided me useful and critical suggestions whenever I approached him. He 
introduced me to various inter-disciplinary research projects as part of my Ph.D. He 
gave me the freedom to try and explore new ideas. He always motivated me to think 
independently and develop as a researcher. I am thankful to Dr. Rodney Andrews for 
giving me ideas and suggestions during our scientific meetings. I am also thankful to 
him for allowing me to use the instruments of his lab and other facilities at CAER. 
Thank you Dr. Andrews to serve as the external examiner during my final defense. I 
would like to thank Dr. John Selegue for sparing time to meet with me whenever I 
requested and giving his useful insights into the projects I was working on. I would 
like to thank Dr. Mark Watson for giving his critical comments and suggestions as he 
came across my work. I cannot forget the moral support and confidence he gave me, 
as I was standing nervous just before my oral qualifying exam. Many thanks to Dr. 
Selegue, Dr. Watson, Dr. Janet Lumpp and Dr. Leonidas Bachas for serving on my 
advisory committee.  
  
My special thanks to Dr. Y. T. Cheng at Department of Chemical and Materials 
Engineering for the wonderful collaboration that we had along with his student Dr. 
J.C. Li. Dr. YT is a wonderful person to talk to and we had very interesting meetings 
related to work on Li-ion batteries. I would like to thank JC for introducing me to 
energy storage research. I am very thankful for another collaboration, involving work 
 vi 
 
on Lignin deconstruction, with Dr. Mark Crocker at CAER. I wish to thank Dr. Dali 
Qian for synthesizing nanotubes for all my projects and for TEM analyses of my 
samples. I thank John Craddock for annealing the tubes. 
 
I would like to thank Department of Chemistry, Department of Chemical and 
Materials Engineering and CAER at UK for allowing me to use the facilities as and 
when I required.  
 
I want to thank all my past and present group members for maintaining healthy work 
environment in the lab. During this Ph.D. journey, I have made many friends, both 
related and unrelated to work. I would like to extend sincere thanks to all my friends 
who have made this part of my life special. I will always cherish the moments that I 
spent with my friends (a long list of names). Many thanks to Rituraj and Mahendra 
who participated and made our research discussions fun and productive. Many thanks 
and love to my cute little friends (Shubhu, Gugdu and Dominick) for the fun time we 
had. I thank God for giving me a good friend, Subrahmanyam, who stood by me at all 
times, encouraging and motivating me throughout my graduate career. I thank 
Almighty for the choicest blessings He showered and the opportunities He gave me to 
shape myself.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vii 
 
TABLE OF CONTENTS 
TITLE ...................................................................................................................................................................... I 
ABSTRACT OF DISSERTATION .............................................................................................................. II 
ACKNOWLEDGEMENTS ............................................................................................................................ V 
LIST OF FIGURES ........................................................................................................................................... X 
LIST OF TABLES ........................................................................................................................................ XVI 
LIST OF SCHEMES ................................................................................................................................... XVII 
CHAPTER 1 ......................................................................................................................................................... 1 
1.1. CARBON NANOTUBES ........................................................................................................................... 1 
1.2. N-DOPED MULTIWALLED CARBON NANOTUBES (N-MWCNTS) ............................................ 2 
1.3. CHEMICAL FUNCTIONALIZATION OF CNTS .................................................................................. 5 
1.4. CHARACTERIZATION OF CNTS ......................................................................................................... 5 
1.5. APPLICATIONS ........................................................................................................................................ 6 
1.6. SCOPE AND OUTLINE OF THE THESIS ............................................................................................... 6 
CHAPTER 2 ......................................................................................................................................................... 8 
2.1. OVERVIEW ............................................................................................................................................... 8 
2.2. INTRODUCTION ....................................................................................................................................... 8 
2.3. RESULTS AND DISCUSSION .............................................................................................................. 10 
2.4. CONCLUSIONS ..................................................................................................................................... 45 
2.5. EXPERIMENTAL PROCEDURES ........................................................................................................ 46 
2.5.1. General Methods and Materials ................................................................................... 46 
2.5.2. General procedure for polyacylation of N-MWCNTs under Friedel-Crafts 
conditions: ............................................................................................................................................... 48 
2.5.3. General procedure for polyalkylation of N-MWCNTs under dissolving metal 
conditions: ............................................................................................................................................... 49 
2.5.4. General procedure for saponification of esterified N-MWCNTs (N-MWCNTs-           
(CH2COOC2H5)x): ................................................................................................................................. 51 
2.5.5. General procedure of coupling of saponified N-MWCNTs (N-MWCNTs 
(CH2COOH)x) with cysteamine: ....................................................................................................... 52 
2.5.6. General procedure for complexation of thiol functionalized N-MWCNTs: .......... 53 
2.5.7. Synthesis of thiol-containing ligands: ....................................................................... 54 
2.5.8. Control experiments: ....................................................................................................... 57 
2.5.9. Treatment of G-N-MWCNTs with HNO3[81]: ...................................................... 58 
2.5.10. Treatment of G-N-MWCNTs with piranha solution[76]: ................................... 58 
2.5.11. Treatment of G-N-MWCNTs with Fenton reagent (2-67): ................................ 59 
2.5.12. Treatment of G-N-MWCNTs with H2SO4:HNO3[82]: ........................................ 59 
2.5.13. Treatment of G-N-MWCNTs with KMnO4:H2SO4[83] (SCNs) (2-70): ........ 59 
2.5.14. Control experiments: ....................................................................................................... 60 
CHAPTER 3 ...................................................................................................................................................... 62 
3.1. OVERVIEW .................................................................................................................................... 62 
3.2. INTRODUCTION ............................................................................................................................ 62 
3.3. RESULTS AND DISCUSSION ....................................................................................................... 64 
3.3.1. Channeling reaction under dissolving metal reduction-alkylation    
conditions: ............................................................................................................................................... 64 
3.3.2. Channeling reaction under oxidizing conditions: .................................................. 69 
3.3.3. Channeling reaction in acetonitrile derived N-MWCNTs: .......................................... 74 
3.3.4. Attempts to unroll and exfoliate channeled N-MWCNTs: ................................. 76 
3.3.5. Origin of channels and ribbons: ........................................................................................... 79 
3.4. CONCLUSIONS .............................................................................................................................. 82 
 viii 
 
3.5. EXPERIMENTAL PROCEDURES ........................................................................................................ 82 
3.5.1. General Methods and Materials: ................................................................................. 82 
3.5.2. Treatment of G-N-MWCNTs with DI water under sonication            
conditions (3-1): .................................................................................................................................... 82 
3.5.3. Treatment of G-N-MWCNTs with H2SO4:HNO3 under stirring          
conditions (3-2): .................................................................................................................................... 83 
3.5.4. Treatment of pyridine derived as-prod-N-MWCNTs with              
H2SO4:HNO3 (3-3): ............................................................................................................................... 83 
3.5.5. Treatment of pyridine derived as-prod-N-MWCNTs with    
KMnO4:H2SO4[83] (3-4): ................................................................................................................... 83 
3.5.6. Dissolving metal reduction of acetonitrile derived as-prod-N-MWCNTs 
followed by methylation in NH3 (3-5): .......................................................................................... 84 
3.5.7. Treatment of acetonitrile derived as-prod-N-MWCNTs with 
KMnO4:H2SO4[83] (3-6): ................................................................................................................... 84 
3.5.8. General procedure for horn sonication: ..................................................................... 85 
3.5.9. Treatment of KMnO4:H2SO4 oxidized G-N-MWCNTs with   chlorosulfonic 
acid (3-13): .............................................................................................................................................. 85 
3.5.10. Thermal exfoliation of KMnO4:H2SO4 oxidized G-N-MWCNTs in         
furnace (3-14): ........................................................................................................................................ 85 
3.5.11. Treatment of G-N-MWCNTs with KMnO4:H2SO4 at higher            
temperature (3-15): ............................................................................................................................... 86 
3.5.12. Treatment of G-N-MWCNTs with KMnO4:H2SO4 (increasing amount of 
KMnO4) (3-16): ..................................................................................................................................... 86 
3.5.13. Control experiments: ....................................................................................................... 87 
CHAPTER 4 ...................................................................................................................................................... 89 
4.1. OVERVIEW .................................................................................................................................... 89 
4.2. INTRODUCTION ............................................................................................................................ 89 
4.3. RESULTS AND DISCUSSION ....................................................................................................... 91 
4.4. CONCLUSIONS .............................................................................................................................. 98 
4.5. EXPERIMENTAL PROCEDURES ................................................................................................. 98 
4.5.1. General Methods and Materials: ................................................................................. 98 
4.5.2. G-N-MWCNTs-Polystyrene composite (melt method) (4-1): ........................... 99 
4.5.3. G-N-MWCNTs-Polystyrene composite (solution method) in toluene (4-2): 99 
4.5.4. G-N-MWCNTs-Polystyrene composite (solution method) in THF (4-3): .... 99 
4.5.5. KMnO4 oxidized G-N-MWCNTs-polystyrene composite (solution method) in 
THF (4-4): ............................................................................................................................................... 99 
4.5.6. KMnO4 oxidized G-N-MWCNTs-polyethylene composite in                  
xylene (4-5): .......................................................................................................................................... 100 
4.5.7. KMnO4 oxidized G-N-MWCNTs-poly(methyl methacrylate) composite in  
THF (4-6): ............................................................................................................................................. 100 
4.5.8. G-N-MWCNTs-poly(methyl methacrylate) composite in THF (4-7): .......... 100 
4.5.9. As-prod-N-MWCNTs-poly(methyl methacrylate) composite in                 
THF (4-8): ............................................................................................................................................. 100 
4.5.10. General procedure for cracking polymer composites and preparation of 
samples for SEM analysis: ............................................................................................................... 100 
4.5.11. KMnO4 oxidized G-N-MWCNTs-poly(methyl methacrylate) composite in 
THF on Cu grid (4-9): ....................................................................................................................... 101 
CHAPTER 5 .................................................................................................................................................... 102 
5.1. OVERVIEW .................................................................................................................................. 102 
5.2. INTRODUCTION .......................................................................................................................... 102 
5.2.1. Electrochemical energy storage ................................................................................. 102 
5.2.2. Lithium ion batteries (LIBs) ....................................................................................... 103 
5.2.3. Terms and parameters in use ...................................................................................... 105 
 ix 
 
5.2.4. Carbon materials as negative electrodes for LIBs ............................................... 106 
5.2.5. Electrochemical techniques for LIB research ....................................................... 108 
5.3. RESULTS AND DISCUSSION ..................................................................................................... 109 
5.3.1. Characterization of materials ...................................................................................... 109 
5.3.2. Electrochemical performance ..................................................................................... 113 
5.4. CONCLUSIONS ............................................................................................................................ 130 
5.5. EXPERIMENTAL PROCEDURES ............................................................................................... 131 
5.5.1. General Methods and Materials: ............................................................................... 131 
5.5.2. Annealing of KMnO4 oxidized G-N-MWCNTs at 300 °C                         
(SCNs-300) (5-1): ............................................................................................................................... 131 
5.5.3. Annealing of KMnO4 oxidized G-N-MWCNTs at 2500 °C                        
(SCNs-2500) (5-2): ............................................................................................................................. 131 
5.5.4. General procedure for preparation of WEs: ........................................................... 132 
SUMMARY .................................................................................................................................................... 134 
REFERENCES ............................................................................................................................................... 135 
VITA .................................................................................................................................................................. 147 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 x 
 
LIST OF FIGURES 
 
FIGURE 1-1 REPRESENTATION OF DIFFERENT MORPHOLOGIES OF MWCNTS[11]. .......... 1 
FIGURE 1-2 ILLUSTRATION OF CATALYZED ROOT GROWTH OF N-MWCNTS DURING 
CVD. ...................................................................................................................... 4 
FIGURE 2-1 AS-PROD-N-MWCNTS (A) SEM; (B) STEM AND (C) TEM WITH CONICAL 
CATALYST PARTICLES. .......................................................................................... 10 
FIGURE 2-2 HRTEM IMAGE OF AS-PROD-N-MWCNTS. .............................................. 11 
FIGURE 2-3 SEM IMAGES OF CHANNELS ON REDUCED/ALKYLATED AS-PROD-N-
MWCNTS. ........................................................................................................... 11 
FIGURE 2-4 SEM IMAGES OF (A) BENZOYLATED AS-PROD-N-MWCNTS AND (B) 
BENZOYLATED AS-PROD-N-MWCNTS REDUCED/ALKYLATED (ETHYL 
BROMOACETATE). ................................................................................................. 13 
FIGURE 2-5 TGA PLOT COMPARING AS-PROD-N-MWCNTS (BLACK) WITH VARIOUS 
PRODUCTS FROM SCHEME 1. .................................................................................. 14 
FIGURE 2-6 SEM IMAGES OF AS-PROD-N-MWCNTS REDUCED WITH 
ETHYLBROMOACETATE IN AMMONIA (2-11). ......................................................... 15 
FIGURE 2-7 STEM IMAGES OF (A) AS-PROD-N-MWCNTS AND PRODUCTS OF 
COMPLEXATION REACTION; (B) 2-38 AND (C) 2-39 OF SCHEME 2-2. ...................... 16 
FIGURE 2-8 STEM IMAGES OF (A) AS-PROD-N-MWCNTS (B) G-N-MWCNTS. .......... 16 
FIGURE 2-9 TEM IMAGES OF (A) AS-PROD-N-MWCNTS PRODUCED IN 4-INCH REACTOR 
AND (B) CORRESPONDING G-N-MWCNTS. .......................................................... 19 
FIGURE 2-10 (A) TGA PLOTS; (B) RAMAN SPECTRA COMPARING AS-PROD-N-MWCNTS 
AND G-N-MWCNTS; (C) XRD AND (D) XPS OF G-N-MWCNTS. ....................... 20 
FIGURE 2-11 SEM IMAGES OF G-N-MWCNTS SHOWING SPIRAL CHANNELS. .............. 22 
FIGURE 2-12  SEM IMAGES OF G-N-MWCNTS (A) REDUCED IN EDA AND (B) REDUCED 
IN EDA AND THEN IN AMMONIA............................................................................ 23 
FIGURE 2-13 (A) STEM AND (B) EDX OF 2-46. ............................................................ 24 
FIGURE 2-14 STEM IMAGES OF 2-46. ........................................................................... 24 
FIGURE 2-15 STEM IMAGES FUNCTIONALIZED G-N-MWCNTS WITH THIOL-
CONTAINING LIGANDS IN AMMONIA (2-45). .......................................................... 25 
FIGURE 2-16 STEM IMAGES FUNCTIONALIZED G-N-MWCNTS WITH THIOL-
CONTAINING LIGANDS IN EDA (2-50). .................................................................. 26 
FIGURE 2-17 (A) TEM AND (B) EDX OF 2-47. .............................................................. 26 
 xi 
 
FIGURE 2-18 STEM IMAGES FUNCTIONALIZED G-N-MWCNTS WITH THIOL-
CONTAINING LIGANDS IN AMMONIA. ..................................................................... 27 
FIGURE 2-19 STEM IMAGES FUNCTIONALIZED G-N-MWCNTS WITH THIOL-
CONTAINING LIGANDS IN EDA. ............................................................................. 27 
FIGURE 2-20 STEM IMAGES OF (A) 2-60 AND (B) 2-61. ................................................ 28 
FIGURE 2-21 STEM AND SEM DONE SEQUENTIALLY ON FUNCTIONALIZED G-N-
MWCNTS WITH THIOL-CONTAINING LIGANDS IN AMMONIA. ............................... 28 
FIGURE 2-22 TEM OF G- N-MWCNTS SHOWING FORMATION OF LOOPS (BLACK 
ARROWS). .............................................................................................................. 29 
FIGURE 2-23 TGA PLOT COMPARING G-N-MWCNTS (BLACK) WITH PRODUCTS OF 
CONC. HNO3 OXIDATION FOR PERIODS OF: 6H (BLUE), 12H (GREEN) AND 24H 
(RED)..................................................................................................................... 30 
FIGURE 2-24 SEM IMAGES OF G-N-MWCNTS TREATED WITH CONC. HNO3 AFTER:  A) 
6H; B), AND C) DAMAGES (SURFACE ETCHING AND EXFOLIATION) OBSERVED IN FEW 
TUBES AFTER 6H; D) AND E) 12H AND F) 24H. ........................................................ 31 
FIGURE 2-25 TGA PLOT COMPARING G-N-MWCNTS (BLACK) WITH PRODUCTS OF 
OXIDATION WITH PIRANHA SOLUTION AFTER: 12H (GREEN) AND 24H (RED) OF 
OXIDATION. ........................................................................................................... 32 
FIGURE 2-26 SEM IMAGES OF G-N-MWCNTS TREATED WITH PIRANHA SOLUTION 
AFTER:  A), B) & C) 12H ; D), E) & F) 24H. ............................................................. 33 
FIGURE 2-27 TGA PLOTS: A) ORIGINAL AND B) RESCALED, COMPARING G-N-MWCNTS 
(BLACK) WITH PRODUCT OF FENTON OXIDATION BEFORE HBR WASH (GREEN) AND 
AFTER HBR WASH (RED). ...................................................................................... 34 
FIGURE 2-28 STEM IMAGES OF G-N-MWCNTS TREATED WITH FENTON’S REAGENT. 34 
FIGURE 2-29 EDX ON (A) FENTON OXIDIZED TUBES, SHOWS MOSTLY CARBON WITHOUT 
SIGNS OF FE AND  (B) LARGE FRAGMENTS IN FENTON OXIDIZED TUBES. (AVERAGE 
CARBON (16 %) SIGNAL MAY BE FROM LACEY CARBON) (CU FROM CU GRID, AL 
FROM SAMPLE HOLDER, SMALL AMOUNTS OF SI IS RESIDUE FROM SYNTHESIS, AND 
SMALL UNLABELED PEAKS ARE CR AND CA). ........................................................ 35 
FIGURE 2-30 TGA PLOTS COMPARING G-N-MWCNTS (BLACK); PRODUCT OF FENTON 
OXIDATION BEFORE HBR WASH (GREEN) AND AFTER HBR WASH (RED) AND 
PRODUCT UPON ADDITION OF FE TO HBR WASHED FENTON PRODUCT (BLUE). ..... 36 
FIGURE 2-31 TGA PLOT COMPARING (A) PRODUCT OF PIRANHA (GREEN) AND FENTON 
(BLUE, BEFORE HBR WASH; RED AFTER HBR WASH) ON AS-PROD-N-MWCNTS 
 xii 
 
(BLACK) AND (B) PRODUCT OF PIRANHA OXIDATION (RED) ON FE REMOVED AS-
PROD-N-MWCNTS (BLUE). .................................................................................. 37 
FIGURE 2-32 TGA PLOT COMPARING G-N-MWCNTS (BLACK) WITH PRODUCTS OF 
OXIDATION WITH A MIXTURE OF H2SO4/HNO3 (3:1): 12H (GREEN) AND 24H (RED).
.............................................................................................................................. 38 
FIGURE 2-33 SEM IMAGES OF G-N-MWCNTS TREATED WITH H2SO4/HNO3 
(SONICATION FOR 12H). ........................................................................................ 39 
FIGURE 2-34 SEM IMAGES OF G-N-MWCNTS TREATED WITH H2SO4/HNO3 
(SONICATION FOR 24H). ........................................................................................ 39 
FIGURE 2-35 THE RAMAN SPECTRA OF: A) G-N-MWCNTS; B) G-N-MWCNTS 
TREATED WITH H2SO4/HNO3 (SONICATION FOR 24H) AND C) G-N-MWCNTS 
TREATED WITH KMNO4/H2SO4............................................................................. 40 
FIGURE 2-36 THE XPS SPECTRA OF: A) G-N-MWCNTS AND B) G-N-MWCNTS 
TREATED WITH H2SO4/HNO3 (SONICATION FOR 24H). .......................................... 41 
FIGURE 2-37 TGA PLOT COMPARING G-N-MWCNTS (BLACK) WITH KMNO4/H2SO4 
OXIDIZED PRODUCT (RED). .................................................................................... 41 
FIGURE 2-38 XRD ANALYSIS COMPARING G-N-MWCNTS (BLACK) AND 
KMNO4/H2SO4 OXIDIZED G-N-MWCNTS (RED). ................................................ 42 
FIGURE 2-39 SEM IMAGES OF KMNO4/H2SO4 OXIDIZED G-N-MWCNTS. .................. 43 
FIGURE 2-40 STEM IMAGE AND THE CORRESPONDING EELS PLOT FOR SPOT 1 OF 
KMNO4/H2SO4 OXIDIZED G-N-MWCNTS. .......................................................... 44 
FIGURE 3-1 SKETCH SHOWING DIFFERENT WAYS TO UNZIP MWCNTS TO YIELD 
GNRS[110]. .......................................................................................................... 63 
FIGURE 3-2 SKETCH SHOWING UN-STACKING OF CONES UPON REDUCTION WITH SODIUM 
NAPHTHALENIDE[111]. ......................................................................................... 64 
FIGURE 3-3 SEM OF SPIRALED CHANNELS UPON REDUCTION/ALKYLATION OF G-N-
MWCNTS IN AMMONIA. ....................................................................................... 65 
FIGURE 3-4 SEM OF SPIRALED CHANNELS UPON REDUCTION/ALKYLATION OF G-N-
MWCNTS IN AMMONIA WITH DIFFERENT ELECTROPHILES. .................................. 65 
FIGURE 3-5 (A) STEM AND (B) TEM OF SPIRALED CHANNELS UPON REDUCTION/ 
ALKYLATION OF G-N-MWCNTS IN AMMONIA. .................................................... 66 
FIGURE 3-6 SEM OF SPIRALED CHANNELS UPON REDUCTION/ALKYLATION OF G-N-
MWCNTS IN AMMONIA. ....................................................................................... 66 
 xiii 
 
FIGURE 3-7 DERIVATIVE TGA PLOT COMPARING G-N-MWCNTS WITH PRODUCTS OF 
DISSOLVING METAL REDUCTIONS IN AMMONIA WITH DIFFERENT ELECTROPHILES. 67 
FIGURE 3-8 SEM OF LINEAR CHANNELS UPON REDUCTION/ALKYLATION OF G-N-
MWCNTS (A) IN EDA AND (B) IN EDA FOLLOWED BY IN AMMONIA. .................. 68 
FIGURE 3-9 SEM OF SCNS. .......................................................................................... 70 
FIGURE 3-10 STEM AND SEM IMAGES OF G-N-MWCNTS TREATED WITH 
H2SO4/HNO3 (SONICATION FOR 24H). .................................................................. 70 
FIGURE 3-11 SEM IMAGES OF G-N-MWCNTS TREATED WITH (A) WATER (SONICATION 
FOR 12 H) AND (B) H2SO4/HNO3 (STIRRING FOR 12 H).......................................... 71 
FIGURE 3-12 A) ADSORPTION ISOTHERM AND B) PLOT OF INCREMENTAL SURFACE AREA 
VS. PORE WIDTH IN KMNO4/H2SO4 OXIDIZED G-N-MWCNTS (SCNS). ............... 72 
FIGURE 3-13 SIX TYPES OF ADSORPTION ISOTHERMS. ................................................... 73 
FIGURE 3-14 SEM OF AS-PROD-N-MWCNTS TREATED WITH H2SO4/HNO3................ 73 
FIGURE 3-15 STEM OF AS-PROD-N-MWCNTS TREATED WITH H2SO4/KMNO4. ......... 74 
FIGURE 3-16 TEM OF AS-PROD-N-MWCNTS (ACETONITRILE DERIVED) UPON 
REDUCTION/ALKYLATION...................................................................................... 75 
FIGURE 3-17 SEM OF AS-PROD-N-MWCNTS (ACETONITRILE DERIVED) UPON 
TREATMENT WITH H2SO4/KMNO4. ....................................................................... 75 
FIGURE 3-18 HORN SONICATION OF G-N-MWCNTS REDUCED/ALKYLATED (IN 
AMMONIA) IN SURFACTANT F127 FOR (A) 15 MIN; (B) 25 MIN; AND (C) AND (D) 60 
MIN. ...................................................................................................................... 77 
FIGURE 3-19 HORN SONICATION OF G-N-MWCNTS TREATED WITH (A) HNO3/H2SO4 
AND (B) KMNO4/H2SO4 FOR 60 MIN. .................................................................... 77 
FIGURE 3-20 SCNS AFTER SONICATION IN CHLOROSULFONIC ACID FOR 24 H. .............. 78 
FIGURE 3-21 SCNS AFTER THERMAL EXFOLIATION. ..................................................... 79 
FIGURE 3-22 SCN FORMATION AT ELEVATED TEMPERATURE. ...................................... 79 
FIGURE 3-23 SEM IMAGES OF G-N-MWCNTS SUBJECTED TO (A) SONICATION IN H2SO4 
FOR 24 H; (B) OXIDATION IN KMNO4/H2O AND (C) OXIDATION IN KMNO4/HCL. . 81 
FIGURE 4-1 HRTEM IMAGES SHOWING A) THE Α ANGLE IN G-N-MWCNTS; AND B) THE 
CONICAL CATALYST PARTICLES IN N-MWCNTS BEFORE ANNEALING .................. 91 
FIGURE 4-2 (A) OPTICAL AND (B) SEM OF G-N-MWCNTS-PS MELT COMPOSITE. ....... 92 
FIGURE 4-3 OPTICAL MICROSCOPY OF G-N-MWCNTS-PS SOLUTION COMPOSITE IN (A) 
TOLUENE AND (B) THF. ........................................................................................ 93 
 xiv 
 
FIGURE 4-4 LOW RESOLUTION OF SEM OF (A) G-N-MWCNTS-PS COMPOSITE IN THF 
AND (B) PS IN THF. .............................................................................................. 93 
FIGURE 4-5 SEM OF CRACKED SCNS-PS COMPOSITE. .................................................. 94 
FIGURE 4-6 SEM OF SCN-PMMA COMPOSITE (A), (B) ON A GLASS SLIDE AND (C), (D) 
ON COPPER GRID. ................................................................................................... 95 
FIGURE 4-7 (A) SEM AND (B) STEM OF SCNS. ............................................................ 95 
FIGURE 4-8 SEM IMAGE OF SCNS EXPOSED WITHIN A CRACK IN THE COMPOSITE. ....... 96 
FIGURE 4-9 SCHEMATIC SHOWING HOW SIMPLE CURVED SUBUNITS CAN FORM SPIRALED 
RIBBON TEXTURES OR FILAMENTS WITH LINEAR CHANNELS. ................................. 97 
FIGURE 4-10 STEM-SEM IMAGES OF SCNS-PMMA COMPOSITE. ............................... 98 
FIGURE 5-1 TGA PLOT COMPARING G-N-MWCNTS (BLACK), SCNS (GREEN), SCNS-
300 (BLUE) AND SCNS-2500 (RED). .................................................................... 110 
FIGURE 5-2 XRD PLOT COMPARING G-N-MWCNTS (BLACK), SCNS (GREEN), SCNS-
300 (BLUE) AND SCNS-2500 (RED). .................................................................... 110 
FIGURE 5-3 STEM OF (A) G-N-MWCNTS, (B) SCNS, (C) SCNS-300 AND (D) SCNS-
2500.................................................................................................................... 111 
FIGURE 5-4 TEM OF (A) G-N-MWCNTS, (B) SCNS, (C) SCNS-300 AND (D) SCNS-
2500.................................................................................................................... 112 
FIGURE 5-5 SEM IMAGE OF WORKING ELECTRODE. .................................................... 113 
FIGURE 5-6 (A) CONSTANT CURRENT POTENTIAL-CAPACITY PROFILE; (B) DIFFERENTIAL 
POTENTIAL-CAPACITY PROFILE OF LI IN G-N-MWCNTS AT SELECTIVE CYCLES.
............................................................................................................................ 114 
FIGURE 5-7 CONSTANT CURRENT CYCLING PERFORMANCE OF G-N-MWCNTS/LI HALF 
CELLS; (A) SPECIFIC DISCHARGE/CHARGE CAPACITIES (B) COULOMBIC EFFICIENCY.
............................................................................................................................ 115 
FIGURE 5-8 RATE PERFORMANCE OF G-N-MWCNTS. C RATES ARE CALCULATED 
BASED ON THE THEORETICAL CAPACITY OF GRAPHITE. 1C REFERS TO A SPECIFIC 
CURRENT OF 372 MA G
-1
. .................................................................................... 116 
FIGURE 5-9 (A) EX-SITU TEM IMAGE OF G-N-MWCNT AFTER 80 CYCLES. (B) EX-SITU 
RAMAN SPECTRA OF G-N-MWCNTS BEFORE CYCLING AND AFTER 50 CYCLES. 118 
FIGURE 5-10 (A) CONSTANT CURRENT POTENTIAL-CAPACITY PROFILE; (B) 
DIFFERENTIAL POTENTIAL-CAPACITY PROFILE OF LI IN SCNS AT SELECTIVE 
CYCLES. .............................................................................................................. 119 
 xv 
 
FIGURE 5-11 (A) CONSTANT CURRENT POTENTIAL-CAPACITY PROFILE; (B) 
DIFFERENTIAL POTENTIAL-CAPACITY PROFILE OF LI IN SCNS-300 AT SELECTIVE 
CYCLES. .............................................................................................................. 120 
FIGURE 5-12 CONSTANT CURRENT CYCLING PERFORMANCE (A) SPECIFIC 
DISCHARGE/CHARGE CAPACITIES AND COULOMBIC EFFICIENCY OF SCNS/LI HALF 
CELLS; (B) SPECIFIC DISCHARGE/CHARGE CAPACITIES AND COULOMBIC EFFICIENCY 
OF SCNS-300/LI HALF CELLS. ............................................................................. 121 
FIGURE 5-13 RATE PERFORMANCE OF (A) SCNS AND (B) SCNS-300. ......................... 122 
FIGURE 5-14 RAMAN ANALYSIS OF G-N-MWCNTS (BLACK), SCNS (GREEN), SCNS-
300 (BLUE) AND SCNS-2500 (RED). .................................................................... 125 
FIGURE 5-15 SURFACE AREA ISOTHERMS, PLOTS OF INCREMENTAL SURFACE AREA VS. 
PORE WIDTH AND RESCALED PLOTS OF INCREMENTAL SURFACE AREA VS. PORE 
WIDTH FOR G-N-MWCNTS (A, D AND G), SCNS-300 (B, E AND H), AND SCNS-
2500 (C, F AND I) RESPECTIVELY. ........................................................................ 127 
FIGURE 5-16 (A) SPECIFIC DISCHARGE/CHARGE CAPACITIES AND COULOMBIC 
EFFICIENCY OF SCNS-2500/LI HALF CELLS AND (B) RATE PERFORMANCE OF SCNS-
2500.................................................................................................................... 129 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xvi 
 
LIST OF TABLES 
 
TABLE 2-1 QUANTITATIVE ATOMIC PERCENT OF C AND O CORRESPONDING TO THREE 
DIFFERENT SPOTS (FIGURE 2-40) CALCULATED FROM EELS. ................................ 45 
TABLE 2-2 ACID CHLORIDES USED FOR POLYACYLATION OF N-MWCNTS. ................. 48 
TABLE 2-3 ELECTROPHILES USED IN DISSOLVING METAL REACTION CONDITIONS WITH 
NH3 AS SOLVENT. ................................................................................................. 49 
TABLE 2-4 ELECTROPHILES USED IN DISSOLVING METAL REACTION CONDITIONS WITH 
EDA AS SOLVENT. ................................................................................................ 50 
TABLE 2-5 ELECTROPHILES USED IN DISSOLVING METAL REDUCTION OF G-N-MWCNTS 
(REDUCED IN EDA) WITH NH3 AS SOLVENT. ......................................................... 51 
TABLE 2-6 SAPONIFICATION OF ESTERIFIED N-MWCNTS. ........................................... 52 
TABLE 2-7 COUPLING OF SAPONIFIED N-MWCNTS. .................................................... 53 
TABLE 2-8 METAL COMPLEXATION OF THIOL FUNCTIONALIZED N-MWCNTS. ............ 54 
TABLE 2-9 HNO3 OXIDATION OF G-N-MWCNTS AS A FUNCTION OF TIME. ................. 58 
TABLE 2-10 PIRANHA TREATMENT OF G-N-MWCNTS WITH VARYING TIME. .............. 58 
TABLE 2-11 H2SO4:HNO3 TREATMENT OF G-N-MWCNTS WITH VARYING TIME. ....... 59 
TABLE 3-1 SURFACE AREA ANALYSIS OF CHANNELED G-N-MWCNTS. ....................... 69 
TABLE 5-1 COMMONLY USED NEGATIVE ELECTRODE MATERIALS[139, 143]. ............. 103 
TABLE 5-2 COMMONLY USED POSITIVE ELECTRODE MATERIALS[147]. ....................... 104 
TABLE 5-3 COMMON SOLVENTS USED IN ELECTROLYTES IN LIBS[148]. ..................... 104 
TABLE 5-4 COMMON SALTS USED IN ELECTROLYTES IN LIBS[148]. ........................... 105 
TABLE 5-5 ELECTROCHEMICAL PERFORMANCE OF CNTS. .......................................... 117 
TABLE 5-6 HIGH CAPACITY CARBON MATERIALS. ....................................................... 122 
TABLE 5-7 IMPORTANT STRUCTURAL PARAMETERS OF MATERIALS BEING TESTED. .... 124 
TABLE 5-8 ELECTROCHEMICAL PERFORMANCE OF MATERIALS UNDER STUDY. ........... 130 
 
 
 
 
 
 
 
 
 
 
 
 xvii 
 
LIST OF SCHEMES 
 
SCHEME 2-1 REACTION OF AS-PROD-N-MWCNTS UNDER FRIEDEL-CRAFT ACYLATION 
(2-1) AND DISSOLVING METAL REDUCTION (2-8 AND 2-11) CONDITIONS. .............. 12 
SCHEME 2-2 REACTION SEQUENCE FOR BINDING METALS ON THIOL FUNCTIONALIZED 
AS-PROD-N-MWCNTS. ........................................................................................ 15 
SCHEME 2-3 REACTION SEQUENCE TO BIND METALS ALL OVER (SURFACE AND 
CHANNELS) G-N-MWCNTS. ................................................................................ 17 
SCHEME 2-4 REACTION SEQUENCE TO BIND METALS ON CHANNELED G-N-MWCNTS. 17 
SCHEME 2-5 SYNTHESIS OF COMPOUNDS FOR EELS ANALYSIS..................................... 18 
SCHEME 2-6 SYNTHESIS OF THIOL-CONTAINING ALKYLATING AGENTS TO BE USED IN 
DISSOLVING METAL REDUCTION CONDITIONS. ....................................................... 22 
SCHEME 2-7 COMPLEXATION OF FUNCTIONALIZED G-N-MWCNTS WITH THIOL-
CONTAINING LIGANDS. .......................................................................................... 23 
SCHEME 2-8 COMPLEXATION OF FUNCTIONALIZED G-N-MWCNTS WITH THIOL-
CONTAINING LIGANDS IN AMMONIA AND EDA...................................................... 25 
SCHEME 2-9 COMPLEXATION OF FUNCTIONALIZED G-N-MWCNTS WITH THIOL-
CONTAINING LIGANDS IN AMMONIA AND EDA...................................................... 26 
 
 1 
Chapter 1 
Introduction 
 
1.1. Carbon nanotubes 
Carbon nanotubes (CNTs), a form of filamentous carbon, have presented unparalleled 
potential for use as advanced materials since their discovery[1-3]. This potential can 
be attributed to the inherent combination of extraordinary structural, mechanical, 
electrical, and thermal properties[4-7]. The physico-chemical properties of CNTs can 
be altered by reactions on the outer CNT walls, and these alterations also impact the 
basic electronic structure, potentially expanding the possibilities for application of 
CNTs as nanoelectronic devices[6], catalyst support materials[8]
 
and 
nanocomposites[9]. A large number of publications and patents have been produced 
in this quickly expanding field[6, 10]. 
 
CNTs can be either a single layer of graphene rolled to form a cylinder and forming a 
singlewalled carbon nanotube (SWCNT), or multiple concentric cylinders forming a 
multiwalled carbon nanotube (MWCNT). Different morphologies of MWCNTs can 
be produced, depending on the conditions and the method chosen for synthesis[11]. 
These morphologies include: 
a) hollow tube: the axis of graphene plane is parallel to tube axis; 
b) herringbone: the axis of graphene plane is formed at an angle to tube axis; and 
c) bamboo: similar to herringbone except that the nanotube is periodically closed 
along the length, forming compartments as in bamboo or in stack of paper 
cups.  
 
    
hollow tube MWCNTs              herringbone MWCNTs             bamboo or stacked cup 
                                                                                                              MWCNTs                                                                     
Figure 1-1 Representation of different morphologies of MWCNTs[11]. 
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An ideal hollow (cylindrical) nanotube will have no edges, except at one open end of 
the tube. The surface becomes more graphitic and less curved than SWCNTs, and 
thus should have reactivity similar to that of graphite. In the latter two cases, the axis 
of graphene plane is at an angle to the tube axis. As a result, the graphene sheets must 
terminate at the surface of the nanotube, giving rise to a large number of edge/plane-
like defect sites along the surface of the tube[11]. 
  
Considerable research has explored the effect of changes in the local electron density 
in these materials by doping them with various atoms and/or ions, including Co, P, K, 
Si, N, B, S and O[12-17]. Doping is the process of intentionally introducing 
impurities into a pure material to enhance its desired property. In layered sp
2
 carbon 
nanosystems, it is possible to tailor the electronic, structural and mechanical 
properties by introducing non-carbon atoms in different manners at small 
concentrations (from parts per million to small weight percentages)[18]. There are 
three main ways of doping carbon: intercalation, encapsulation and substitutional 
doping. 
 
These doping procedures generally involve one of the following processes: drawing 
low-melting-point liquid metals into nanotube cores through capillary forces 
(encapsulation); intercalation of metals (Ag, Co) into nanotube bundles; and 
incorporation of atoms (B, N, Si, S) directly into graphene layers of nanotubes 
(substitutional doping) during the nanotube synthesis process. Among these, boron 
and nitrogen atoms are most conveniently used as dopants, since they have atomic 
sizes similar to that of carbon- a property that provides them a strong probability of 
entering into the carbon lattice. 
 
1.2. N-doped multiwalled carbon nanotubes (N-MWCNTs) 
The substitutional doping with nitrogen has received attention because significant 
changes in mechanical properties, electrical conductivity, and chemical reactivity 
have been predicted[19-22] and experimentally observed[11, 22-24]. When electron- 
rich nitrogen substitutes for carbon in a graphitic layer, the band gap of the CNTs is 
reduced, leading to metallic CNTs[25]. In general, doping with nitrogen produces a 
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texture which is reportedly known as “bamboo or stacked cup” type MWCNTs[26-
31] and hence facilitates in ease of chemical functionalization[32].  
 
Methods to prepare N-MWCNTs include magnetron sputtering[33], laser 
ablation[34], pyrolysis of mixtures of organometallic and nitrogen-containing organic 
compounds[35], chemical vapor deposition (CVD) of nitrogen-containing 
hydrocarbons over heterogeneous catalysts like Fe, Co or Ni[36],
 
and controlled rapid 
detonation of common carbon-containing explosives like m-dinitrobenzene and picric 
acid[37].
 
However, not all stacked cup MWCNT structures involve nitrogen. Saito et 
al. first observed bamboo shaped CNTs in the products from arc discharge 
evaporation of Ni-loaded graphite[38]. The relative ease of CVD methods allow their 
use in the large scale production of CNTs[39]. The nitrogen-containing precursors 
used in CVD MWCNT synthesis include ammonia[40], pyridine[41], melamine[42], 
triazine[43], acetonitrile[44], dimethyl formamide[45], metal phthalocyanines[46], 
and zinc cyanamide[27].  
 
The amount and type of nitrogen incorporated into CNTs strongly depends on the 
synthesis conditions, particularly the precursor, catalyst, reaction temperature and gas 
flow. N-MWCNTs produced at the University of Kentucky Center for Applied 
Energy Research (CAER) are made by a catalytic CVD method as developed by 
Andrews et al.[41]. The following steps towards the synthesis are proposed (Figure 1-
2):
 
 
a) C/N clusters adsorb on the conical catalyst particle; 
b) diffusion of the adsorbed carbon atoms through the catalyst to form a 
graphene cup;  
c) the cup lifts off the catalyst by graphene layer slipping due to high stress. The 
graphene shell then elongates to form the tube wall; 
d) second and third cups form and lift off to form bridges in the core; 
e) continuous formation and lifting of graphene cups to thicken the tube wall 
with bridges in the core. 
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Figure 1-2 Illustration of catalyzed root growth of N-MWCNTs during CVD.  
  
The type of metal catalyst and the reaction temperature determine the rate of diffusion 
of carbon through the catalyst. Reports on the fate of carbon atom in the catalyst deal 
with the solubility of carbon in transition metals connected to phase diagrams of 
Fe3C[47], Co2C[48] and Ni3C[49]. Bitter et al.[50] studied how the morphology of N-
MWCNTs is affected by varying the C/N precursor (acetonitrile, pyridine, 
dimethylformamide), the growth catalyst (Fe, Co, Ni) and the reaction temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) 
b) 
c) 
d) 
e) 
(CN)x (CN)x 
C 
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(823-1123 K). They found that N/C ratio of the N-MWCNTs decreased with 
increasing temperature for all C/N sources and growth catalysts used. Also, Co and Ni 
catalysts produced cylindrical MWCNTs, while Fe catalyst gave stacked cup type. 
This difference in morphology was attributed to the difference in the thermodynamic 
stability of metal carbides. Although considerable research has been done on the 
physical properties of N-MWCNTs, the chemical reactivity is relatively unexplored. 
                                                                                                         
1.3. Chemical functionalization of CNTs 
Considerable efforts have been devoted to the chemical modification of CNTs, as 
their use in a range of potential applications is hindered due to agglomeration caused 
by strong inter-tube van der Waals forces. Functionalization of CNTs involves the 
generation of chemical moieties on their surface that can improve the dispersability 
and processibility, which might pave the way to many useful applications, including 
composite preparations[51]. Thus far, covalent and non-covalent functionalizations 
have been widely investigated approaches to modify these materials. Covalent 
functionalization encompasses many techniques, including carboxylation[52], 
amidation[53], thiolation[54], halogenations[55], hydrogenation[53], addition of free 
radicals[53], cycloadditions[56] and the Diels-Alder reaction[53].  
Hence, CNTs can be functionalized using the rich chemistry of carbon[57].
 
The 
chemical reactivity is likely to be highest at sites of high curvature, as well as at 
defect sites[58, 59]. Typical defects, including kinks, bends, and partial or complete 
breaks
 
in carbon shells, are more reactive than regions of perfect graphene[59]. 
 
 
1.4. Characterization of CNTs 
Traditional analytical methods used for characterization of small molecules, such as 
NMR, IR, MS, are not viable for characterizing the products of chemical reactions on 
these materials. This is because the products and starting materials are insoluble, 
highly conductive, strongly absorb light across a broad region of the electromagnetic 
spectrum, and are poorly dispersible in most solvents and polymer matrices.  
In the literature, commonly used methods[60] for the characterization of CNTs 
include thermal analysis, Raman spectroscopy, X-ray diffraction (XRD) and surface 
area analysis. All of these are used to analyze bulk material. Surface modification is 
usually studied with X-ray photoelectron spectroscopy (XPS)[61] which has a very 
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small penetration length. Electron microscopy[62] techniques like scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) and scanning 
transmission electron microscopy (STEM) are used for analysis of individual tubes 
for information about the texture. Reflectance IR[63] has also been used to 
characterize chemically functionalized MWCNTs, but this method has proven 
problematic in our hands. Solid state NMR[64] has only rarely been used. This 
method, however, has a great deal of promise. 
 
1.5. Applications 
N-MWCNTs have received much attention due to enhanced conductivity compared to 
their undoped counterparts and hence have been suggested to be suitable for 
applications in nanoelectronics[65]. Some reports deal with the catalytic potential[66] 
of N-MWCNTs and their use as negative electrodes in lithium ion batteries[67]. N-
MWCNTs can also be used as gas sensors[68].  
 
1.6. Scope and outline of the thesis 
Although there are many reports of chemical modification of SWCNTs and 
MWCNTs, N-MWCNTs are much less investigated. The texture of these materials is 
repeatedly referred to as “bamboo or stacked cup structure”. In this arrangement the 
axis of graphene planes are at an angle to the tube axis, hence there are many 
graphene edges that could be available for reactions. The aim of this thesis is to 
investigate chemical reactivity of N-MWCNTs produced at CAER and to develop 
techniques that demonstrate that new chemistry has occurred on the specific structural 
target. 
 
In chapter 2, the focus is on chemical modification of N-MWCNTs using three 
different approaches and characterization of the chemistry with available analytical 
techniques. Observed trends with different oxidizing agents with respect to extent of 
oxidation will be discussed. 
  
The formation of interesting spiral channeled N-MWCNTs and spiraled carbon 
nanoribbons upon modifications under specific reaction conditions will be addressed 
in chapter 3. The ribbons are formed over a wide range of reaction conditions and 
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their formation is independent of the source of nitrogen in CVD method. Discussion 
of techniques used to unfurl these structures further will also be presented. 
 
Chapter 4 deals with discussion of models reported for stacked cup type materials. A 
proposal on our view of structure of our material will be presented with experiments 
leading to such proposal.  
 
Chapter 5 includes the application of starting and functionalized N-MWCNTs as 
negative electrodes for Li ion batteries. Four materials will be discussed. Effect of 
microstructure and texture of these on Li storage capacity will also be discussed.  
 
I will conclude my thesis with summary (broader impacts and future directions) of my 
research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Aman Preet Kaur 2013 
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Chapter 2 
Chemical functionalization of N-MWCNTs
†‡
 
 
2.1. Overview 
There are many reasons that make researchers interested in investigating ways to 
attach chemical functionalities to the walls or ends of CNTs. These chemical bonds 
might be used to tailor the interaction of the nanotube with other entities, such as a 
solvent, a polymer matrix, or other nanotubes. The chemically functionalized CNTs 
might have properties that are different from the unfunctionalized CNTs and thus 
might be used for various applications. The challenge is to find a way to reproducibly 
and reliably chemically alter CNTs which, like graphite, are fairly unreactive. The 
characterization of chemically altered CNTs is another challenge, limited by the 
available resources for use to answer some important structural questions.  
 
In the work described here, different reaction conditions are studied to see the effects 
of various reagents, oxidizing and reducing in particular, on the texture of N-
MWCNTs.  Various microscopic and spectroscopic characterizations are utilized to 
study these changes. An important outcome here was the development of a novel 
technique to characterize sites of reactivity on functionalized N-MWCNTs. We also 
discovered a hitherto unknown “form” of filamentous carbon - spiraled carbon 
nanoribbons. 
 
2.2. Introduction 
With appropriate surface modifications of CNTs, the properties of CNTs can be 
harnessed in a variety of applications[69, 70]. Thus far, covalent and non-covalent 
functionalizations[71] have been widely investigated approaches to modify carbon 
materials. Chemical reactions, such as electrophilic aromatic substitution, oxidation 
and reduction, that are known to functionalize the aromatic systems, can be used to 
covalently functionalize CNTs. In N-MWCNTs, the graphene planes are not parallel 
                                                        
† Part of this chapter is taken from our manuscript; Kaur, A.; Meier, M. S.; Andrews, 
R.; Qian, D. Discontinuous spiraled carbon nanoribbons resulting from coiling of thin 
graphite subunits formed during oxidation of N-doped multiwalled carbon nanotubes 
(Carbon, in Press). 
‡ XPS analysis: courtesy Dr. Doo Young Kim. 
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to the tube axis, thus the surface is a set of edges. In the reported ‘bamboo or stacked 
cups’ arrangement[27-31] there are many graphene edges which could be available 
for reaction in comparison to the true tubular arrangement where graphene edges are 
only available at defect sites. This feature led us to investigate their chemistry.  
 
Classical dissolving metal reduction, followed by protonation or alkylation, of 
aromatic systems is well documented and offers means of introducing different 
functional groups. Similar reactions have been reported on carbon materials[57]. Our 
group is using dissolving metal reduction followed by alkylation for covalent 
functionalization[72, 73], a method which has proved to be a reliable, reproducible 
method for modifying CNTs[57]. This reaction is an example of uniform 
functionalization of CNTs as we assume that this n-fold reduction creates carbon 
anion of charge n
-
 leaving CNTs separated in reaction mixture due to electrostatic 
repulsion. Presumably this approach can modify the tubes not only at defect sites but 
also on more graphitic surfaces. 
 
Other common method for modification of CNTs is chemical oxidation[74], and this 
approach provides dual advantages of purification of the raw material as well as 
improving the dispersibility of CNTs. The chemical literature includes several reports 
on methods[75, 76] and the effects[77-79] of oxidation of SWCNTs and MWCNTs 
under both acidic and basic conditions. Commonly used methods include treating 
CNTs with HNO3,[80, 81] mixtures of H2O2/H2SO4 (piranha solution)[75], 
H2SO4/HNO3,[79, 82] and NH4OH/H2O2,[76] KMnO4,[83, 84] O3[85] and others. 
 
Dissolving metal reductions of N-MWCNTs that were carried out in our group (Dr. 
Kelby Cassity), lead to the formation of linear deep cuts/channels within the walls of 
nanotubes[72]. The resulting channels reach all the way from the outer surface to the 
core, and are microns in length. My goal was to further explore this channeling 
reaction and to: 
 
a) develop methods for functionalizing the new graphene edges that are formed 
in the course of the channeling reaction; 
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b) develop methods to demonstrate that desired chemistry has occurred on the 
specific structural target; and 
c) investigate reactions other than dissolving metal reduction that may also result 
in channeling to gain some mechanistic insight. 
 
2.3. Results and discussion 
N-MWCNTs are produced at CAER from a pyridine feedstock containing dissolved 
ferrocene as catalyst at a temperature of 800 °C using N2 as the carrier gas[41]. We 
refer to these as as-produced N-MWCNTs (as-prod-N-MWCNTs). Also, this CVD 
synthesis enables to prepare a range of nanotube structures with varying diameter, 
length and morphology by changes in synthesis temperature, feedstocks, and other 
parameters (including carrier gas, reactor furnace type, etc). Figure 2-1 shows the 
SEM, STEM and TEM of the as-prod-N-MWCNTs. The conical white (SEM) or 
black (STEM and TEM) particles are the catalyst (Fe) particles. These look different 
than carbon based on the principle of Z-contrast and look bright or dark depending on 
whether the technique involves bright field or dark field imaging. The texture of these 
tubes is likely a function of these catalyst particles generated during the CVD process. 
 
 
Figure 2-1 As-prod-N-MWCNTs (a) SEM; (b) STEM and (c) TEM with conical 
catalyst particles.  
 
HRTEM image (Figure 2-2) suggests that there are many edges at the surface 
available for reaction. So, in principle both electrophilic aromatic substitution and 
addition reactions should work on these edges. From previous studies in our group, 
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based on quantitative EELS analysis, the average N concentration is high (~ 8 at.%) at 
the core position, dropping to less than 3 at.% at the mid-wall with almost no N 
detected in the outer layers[41]. Thus, we can predict that the presence of nitrogen in 
these nanotubes will probably not have profound effects on the reactivity of the 
exposed outer edges of these stacked aromatic systems. 
 
 
Figure 2-2 HRTEM image of as-prod-N-MWCNTs. 
 
 
Figure 2-3 SEM images of channels on reduced/alkylated as-prod-N-MWCNTs.   
 
The project started with the investigation of the reactivity of the graphene edges 
formed in the channels in the course of dissolving metal reduction, as now these edges 
are available for chemical functionalization, along with those existing before reaction, 
for chemical functionalization. Figure 2-3 represents SEM of the channeled tubes[72]. 
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In some cases, the channel is quite parallel to the axis of tube, but in other cases the 
channel gently curves around the nanotube. 
 
We started with the question: Is it possible to functionalize the surface while still 
maintaining the textural integrity of N-MWCNTs? If yes, then can channels be 
formed afterwards? We wanted to find a functionalization that can occur without 
forming channels and another leading to channels during the dissolving metal 
reduction process. The real challenge was to make N-MWCNTs with functionality 
inside the channel different from the functionality on the surface. 
 
The first attempt was to functionalize the surface of the as-prod-N-MWCNTs with 
Friedel-Crafts acylation[86] to completely exploit all the edges and defect sites on the 
surface. Then the acylated N-MWCNTs were to be reduced in ammonia to form 
channels and to introduce a new functionality in those channels. When as-prod-N-
MWCNTs were benzoylated under Friedel-Crafts conditions (Scheme 2-1) using 
nitrobenzene as a solvent, the benzoylated N-MWCNTs (2-1) so formed show no 
evidence of any channels (Figure 2-4(a)). When these benzoylated N-MWCNTs (2-1) 
are reduced in Li/ammonia followed by alkylation with ethyl bromoacetate, the tubes 
(2-8) show the presence of channels as seen in SEM (Figure 2-4(b)). 
 
 
Scheme 2-1 Reaction of as-prod-N-MWCNTs under Friedel-Craft acylation (2-1) 
and dissolving metal reduction (2-8 and 2-11) conditions. 
As-prod-N-MWCNTs
C6H5NO2, 180 °C, 3 h
AlCl3, PhCOCl 2-1
BrCH2COOC2H5
Li/NH3, -78 °C
BrCH2COOC2H5
Li/NH3, -78 °C,
2-8
2-11
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Figure 2-4 SEM images of (a) Benzoylated as-prod-N-MWCNTs and (b) 
Benzoylated as-prod-N-MWCNTs reduced/alkylated (ethyl bromoacetate). 
 
The products of scheme 2-1 were characterized by thermogravimetric analysis (TGA). 
TGA is an analytical technique used to determine thermal stability of a material. 
When carried out in an oxidizing atmosphere (air rather than N2), the onset 
temperature of oxidation (T) and the temperature of the maximum rate of oxidation 
(To) can reflect the oxidative stability of a material[59]. Plotting the derivative of the 
weight vs. temperature curve reveals To. The shift of T to the right (to higher 
temperatures) in benzoylated N-MWCNTs (green curve, Figure 2-5) suggests they 
have higher resistance to oxidation than the starting as-prod-N-MWCNTs (black 
curve, Figure 2-5). If we think that our chemistry had worked the way we wanted it to 
be, then benzoylated N-MWCNTs (2-1) would end up having electron deficient 
benzene rings (linked to –C=O) on the surface that might be responsible for their 
resistance to oxidation. Also, the amount of residue is lowered compared to the 
starting as-prod-N-MWCNTs. Residual iron has a catalytic role in oxidative thermal 
degradation (Figure 2-30), which might also be responsible for the increased 
resistance to oxidation in benzoylated N-MWCNTs. The amount of residue in 
esterified benzoylated sample (red curve, Figure 2-5) was lowered as both the 
reactions involve acids in the work-up that react with Fe catalyst present in the as-
produced tubes. 
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Figure 2-5 TGA plot comparing as-prod-N-MWCNTs (black) with various 
products from scheme 1. 
 
But, when the as-prod-N-MWCNTs were subjected to only dissolving metal reduction 
conditions using ethyl bromoacetate as the alkylating agent, the product (2-11, purple 
curve, Figure 2-5) just lay on top of the reduced benzoylated product (2-8, red curve, 
Figure 2-5) in TGA. The similar TGA plots of two different products (2-8 and 2-11) 
implies either the Friedel-Craft acylation was not working in the first step, or the 
benzoylated product was not stable under reduction conditions in the second step.  
 
We thought of first hydrogenating as-prod-N-MWCNTs under dissolving metal 
reduction conditions using ammonium chloride as a proton source. Now these 
hydrogenated N-MWCNTs (2-5) have more –C-H sites (we expected to see an easy 
substitution of –C-H sites similar to that in fullerenes) to be substituted by the acyl 
group in the Friedel-Crafts step. The solvent was also varied from nitrobenzene to 
carbon disulfide, but many questions remained unanswered about the extent of 
functionalization via Friedel-Crafts acylation after TGA measurements. So we 
thought of using only dissolving metal reduction for functionalization.  
0
20
40
60
80
100
W
e
ig
h
t 
(%
)
0 200 400 600 800 1000
Temperature (°C) Universal V4.4A TA Instruments
 
 15 
A bigger challenge was to find a technique to characterize the chemistry we desired to 
do. Designing a chemical transformation to bind metals to the functionalized N-
MWCNTs was the next goal to prove the functionalization using imaging as a 
characterization tool. The scheme used was the following. 
 
 
Scheme 2-2 Reaction sequence for binding metals on thiol functionalized as-
prod-N-MWCNTs. 
 
 
Figure 2-6 SEM images of as-prod-N-MWCNTs reduced with ethylbromoacetate 
in ammonia (2-11). 
 
As-prod-N-MWCNTs were esterified (2-11) using ethyl bromoacetate as the 
alkylating agent and then saponified (2-30) to carboxylic acid under basic hydrolysis 
conditions. Acid functionalized N-MWCNTs (2-30) were then coupled (2-34) in the 
presence of EDC with cysteamine, that has thiol functionality at the end, which can 
then be bound to metals like gold and platinum. 
 
As-prod-N-MWCNTs
BrCH2COOC2H5
Li/NH3, -78 °C 1M NaOH, 80 °C, 24 h
10% HCl
EDC, DMF, RT, 24 h
H2NCH2CH2SH
2-11 2-30
2-34
Ph3PAuCl, Na2CO3,
C2H5OH/ RT, 24 h
Au particles (2nm),
C2H5OH/ RT, 24 h2-38
2-39
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The SEM images of the esterified as-prod-N-MWCNTs (Figure 2-6) clearly show the 
presence of channels. The STEM images (Figure 2-7) of the products resulting from 
complexation reaction with Au nanoparticles (2-38) and the Au complex (2-39), 
failed to conclusively prove that the observed black spots were metal particles or were 
they due to pre-existing materials (like amorphous carbon) on the as-prod-N-
MWCNTs. So, we resorted to annealing of the as-prod-N-MWCNTs as a means of 
removing adhered material and eliminating this ambiguity.  
 
 
Figure 2-7 STEM images of (a) as-prod-N-MWCNTs and products of 
complexation reaction; (b) 2-38 and (c) 2-39 of scheme 2-2. 
As-prod-N-MWCNTs were subjected to high temperature treatment at 2800
 
°C, 
which results in removal of amorphous carbon, most structural defects, residual 
catalyst particles and nitrogen. This produces a more graphitic material, although not 
necessarily following the Bernal stacking; we refer to the resulting tubes as G-N-
MWCNTs[87]. Figure 2-8 compares the STEM images as-prod-NMCNTs (Figure 2-
8(a)) and G-N-MWCNTs (Figure 2-8(b)) and suggests that G-N-MWCNTs are 
largely free from other forms of carbon and catalyst. 
 
Figure 2-8 STEM images of (a) as-prod-N-MWCNTs (b) G-N-MWCNTs. 
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G-N-MWCNTs were then treated following two reaction schemes (2-3 and 2-4) to 
obtain desired functionalization to bind metals. 
 
 
Scheme 2-3 Reaction sequence to bind metals all over (surface and channels) G-
N-MWCNTs. 
 
In scheme 2-3 G-N-MWCNTs were first alkylated with ethyl bromoacetate (2-12), 
which were then base hydrolyzed to form acid G-N-MWCNTs (2-31). Acid G-N-
MWCNTs were then coupled with an amine in presence of EDC to form an amide (2-
35) that has thiol functionality at the end which can then be complexed with Au 
nanoparticles (2 nm) (2-40) and hexachloroplatinate complex (2-41). G-N-MWCNTs 
will be channeled in the first step of the scheme 2-3 (2-12). After the complexation 
reaction, all the edges, present on the surface as well as of the channels, should be 
decorated with these metals, i.e. should have metals at reactive sites all over the 
surface and also in the channels. 
 
 
Scheme 2-4 Reaction sequence to bind metals on channeled G-N-MWCNTs. 
G-N-MWCNTs
BrCH2COOC2H5
Li/NH3, -78 °C 1M NaOH, 80 °C, 24 h
10% HCl
EDC, DMF, RT, 24 h
H2NCH2CH2SH
2-12 2-31
2-35
H2PtCl6(H2O)6,
C2H5OH/ RT, 24 h
2-40
2-41
Au particles (2nm),
C2H5OH/ RT, 24 h
G-N-MWCNTs
BrCH2COOC2H5
Li/NH3, -78 °C 1M NaOH, 80 °C, 24 h
10% HCl
EDC, DMF, RT, 24 h
H2NCH2CH2SH
2-27 2-33
2-37
H2PtCl6(H2O)6,
C2H5OH/ RT, 24 h
2-42
2-43
Au particles (2nm),
C2H5OH/ RT, 24 h
CH3I
Li/EDA
2-21
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In scheme 2-4, G-N-MWCNTs were first methylated (2-21) in ethylenediamine 
(EDA) under dissolving metal reduction conditions. As N-MWCNTs do not channel 
in EDA (already proven by Dr. Kelby Cassity), it was thought that methyl groups 
would cap all the surface edges. Further following scheme 2-4 on the methylated 
product, should decorate the channels with metals and not the surface. We were still 
unable to observe metals in STEM, which led us to question if G-N-MWCNTs really 
had the required thiol functionality to bind metals, i.e. whether or not the desired 
chemistry (described in schemes 2-3 and 2-4) was working. This question was 
examined by elemental analysis for sulphur using electron energy loss spectroscopy 
(EELS).  
 
 
 
Scheme 2-5 Synthesis of compounds for EELS analysis. 
 
EELS is based on the principle that when electron beam impinges on a sample, a 
portion of the electrons is inelastically scattered with corresponding energy 
loss.  Differences in the energy lost distinguish elements in the sample. EELS is used 
for the analysis of light elements like C, N, O etc. The products (2-36 and 2-21) from 
scheme 2-5 were used for analysis. 
 
The putative amide N-MWCNTs (2-36) didn’t show the presence of nitrogen and 
sulfur in EELS, but oxygen (20 at.%) was present in considerable amount. This lead 
us to think that the multistep reaction (synthesizing an ester first and then converting 
it to acid and then to amide) may not be that efficient in these materials and that the 
amide forming step is not working at all, that there is considerable amount of oxygen 
already present in the starting material (G-N-MWCNTs), or that the reaction 
conditions and workup (H2O used for quenching and washing to remove Li salts) is 
resulting in increased amount of oxygen.  
 
G-N-MWCNTs
BrCH2COOC2H5
Li/EDA 1M NaOH, 80 °C, 24 h
10% HCl
EDC, DMF, RT, 24 h
H2NCH2CH2SH
2-20 2-32 2-36
G-N-MWCNTs
CH3I
Li/EDA
2-21
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To narrow these possibilities methylated N-MWCNTs (2-21) were synthesized under 
same conditions (Li/EDA). Both G-N-MWCNTs and methylated N-MWCNTs (2-21) 
showed almost zero percent of oxygen in EELS analysis. So, there was no problem 
with the starting material and the reaction conditions as well as the work-up 
conditions. These results suggest that multistep synthesis was not working for our 
material. So, we thought of synthesizing thiol-containing ligands first and then using 
them in reduction to have functionalization to bind Au nanoparticles.  
 
In the meantime we ran out of stock of the starting material. The material used so far 
was produced in a large, continuous reactor while the newer material was produced in 
a 4-inch diameter tube reactor but under same conditions. All the experiments from 
this point till the end of my research are performed on this new material synthesized 
in a 4-inch diameter tube reactor. The material showed subtle differences in 
morphology (Figure 2-9 (a) like fewer cup bottoms and larger diameters (80-150 nm) 
compared to the old as-prod- material. As-prod-N-MWCNTs were then subjected to 
high temperature treatment at 2800 °C to anneal them (G-N-MWCNTs). Figure 2-
9(b) shows the morphology of G-N-MWCNTs as obtained by HRTEM. These have a 
texture with the appearance of stacked cups and periodically bridged central cores 
surrounded by a thick outer wall. The observation of very few layers in cup bottoms 
as compared to outer wall suggests that these tubes may not be a true stack of cups. 
 
 
Figure 2-9 TEM images of (a) as-prod-N-MWCNTs produced in 4-inch reactor 
and (b) corresponding G-N-MWCNTs. 
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Figure 2-10(a) represents TGA plot comparing oxidative stability of as-prod-N-
MWCNTs (black curve) and G-N-MWCNTs (red curve).  The TGA plot shows zero 
residue, as all of the residual Fe catalyst is removed and an increase in the thermal 
stability of material, reflecting low defect density and more perfect structure[59]. 
 
 
Figure 2-10 (a) TGA plots; (b) Raman spectra comparing as-prod-N-MWCNTs 
and G-N-MWCNTs; (c) XRD and (d) XPS of G-N-MWCNTs. 
 
The degree of order of the graphitic layers within G-N-MWCNTs was examined 
using Raman spectroscopy, as shown in Figure 2-10(b). As reported, the ID/IG ratio 
describes degree of disorder in carbonaceous material[88]. The D band is ascribed to 
disordered carbon, edge defects, and other defects (sp
3
 bonded carbon, dangling 
bonds, vacancies, and topological defects) while the G band indicates ordered sp
2
 
carbon. Before annealing, the CNTs mainly consist of disordered carbon and the ratio 
of intensities of the D-band to the G-band (ID/IG) is 0.82. After annealing, the ratio of 
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intensities decreased to 0.2, clearly indicating that high-temperature annealing reduces 
the defect density, producing more perfect graphitic structure[59].  
 
The XRD pattern of G-N-MWCNTs is shown in Figure 2-10(c). The sharp peak at a 
2θ value of 26.2˚ indicates that the average interlayer spacing is 3.39Å, in a good 
agreement with crystalline graphite (3.35 Å)[89]. The broad asymmetric peak around 
43˚ indicates a small amount of turbostratic structure in G-N-MWCNTs[90]. The XPS 
spectrum (Figure 2-10(d)) demonstrates that after annealing the material is nearly 
pure carbon with ~3% oxygen and virtually no nitrogen. 
 
Now, we wanted to achieve our goal of functionalization and characterization using 
metals, with this new material. To demonstrate that the chemistry has occurred on the 
specific structural targets, we designed a chemical transformation at the reduction step 
of synthesis. We introduced ligands that could bind metals, and could later be used as 
probes in imaging technique to prove desired functionalization. The recipe followed 
here involved synthesizing thiol-containing ligands (Scheme 2-6) to use in the 
reduction/alkylation step and then binding 2 nm Au particles to the thiol groups. Not 
surprisingly the benzyl thioether was also deprotected under reductive conditions[91]. 
Hence the desired functionalization should be achieved in a single step rather than 
multisteps. 
  
 
 
HS SPh
Na2CO3 (10%), RT
C2H5OH, PhCH2Br, 86%
2-53
OH OH
SPh
Py, dry THF, 0 °C
DMAP, (Br/ClCH2CO)2O
O
X
O
2-54: X= -Cl
2-55: X= -Br
2-53
OH SPh
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Scheme 2-6 Synthesis of thiol-containing alkylating agents to be used in 
dissolving metal reduction conditions.  
 
When G-N-MWCNTs were subjected to reductive alkylation in ammonia with thiol- 
containing ligands (2-54, 55, 57 and 58), to our surprise, we observed the formation 
of spiral channels (Figure 2-11) instead of linear ones. The majority of the tubes in the 
samples were channeled in a tight spiral manner. The channeling of the tubes will be 
discussed in greater detail in chapter 3.  
 
 
Figure 2-11 SEM images of G-N-MWCNTs showing spiral channels. 
 
 
NH2
SH
Et3N, RT
C2H5OH, PhCH2Br, 82%
NH2
S Ph
2-56
NH2
S Ph
2-56
2,6-Lutidine, dry THF, 0 °C
(Br/ClCH2COCl/Br)
HN
S Ph
O
X
2-57: X= -Cl
2-58: X= -Br
 
 23 
With the original material with which we began our work, it was observed that it 
channeled when ammonia was used as a solvent and not with other amine solvents 
like EDA. The new G-N-MWCNTs do channel even in EDA (Figure 2-12(a)), but 
form linear channels rather than spiral. When these channeled G-N-MWCNTs were 
subjected to another reductive alkylation in ammonia, the G-N-MWCNTs (Figure 2-
12(b)) opened dramatically. In the first reduction with EDA, G-N-MWCNTs form 
linear channels. So these channels are the most prone sites for the second reduction to 
occur. This might be the reason for the resultant G-N-MWCNTs to be so opened up.  
 
 
Figure 2-12  SEM images of G-N-MWCNTs (a) reduced in EDA and (b) reduced 
in EDA and then in ammonia.  
 
After dealing with above-mentioned structural issues, it seemed that to differentially 
functionalize N-MWCNTs (i.e. to create different functionality in the channels than 
on the surface) would not be successful. However, we wanted to attempt to prove 
functionalization using electron microscopy, as there are few other probes that can 
help confirm that the desired chemistry is taking place. Accordingly we complexed 
these functionalized G-N-MWCNTs with Au particles (2 nm) using scheme 2-7. 
 
 
Scheme 2-7 Complexation of functionalized G-N-MWCNTs with thiol-containing 
ligands. 
 
G-N-MWCNTs
2-54/ 2-55
Li/NH3, -78 °C
2-14/ 2-15
Au particles (2 nm),
C2H5OH/ RT, 24 h
2-44/ 2-46
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Figure 2-13 (a) STEM and (b) EDX of 2-46. 
 
The STEM image (Figure 2-13(a)) showed white spots; some were around 2 nm in 
diameter and some were bigger (5-10 nm). We analyzed these spots with energy 
dispersive X-ray spectroscopy (EDX). EDX is a technique that relies on the 
investigation of a sample through interactions with electromagnetic radiation, 
analyzing x-rays emitted by the sample in response to being hit with charged 
particles. Its characterization capability is based on the fundamental principle that 
each element has a unique atomic structure allowing x-rays that are characteristic of 
that element's atomic structure to be identified uniquely. The EDX spectra (Figure 2-
13(b)) confirmed that the bigger white spots are Si and the smaller are Au. Also, EDX 
spectra confirms the presence of S. This was encouraging. The source of the Si might 
be the quartz substrate on which the arrays of N-MWCNTs are grown.  
 
 
Figure 2-14 STEM images of 2-46. 
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Au nanoparticles (black spots) seen in STEM images (Figure 2-14) can be thought to 
be occupying the edges of the channels. This was hard to prove, as it was really hard 
to image 2 nm Au particles. Also, the concentration of Au nanoparticles was quite 
low in the original solution, so, we thought of going to larger particle size such as 10 
nm, which is available at higher concentrations. The larger size may also help in 
specifically locating bigger particles, and the channels are wide enough to 
accommodate 10 nm particles. The reaction conditions were the same, only the size of 
Au particles was changed from 2 to 10 nm (Scheme 2-8).  
 
 
 
Scheme 2-8 Complexation of functionalized G-N-MWCNTs with thiol-containing 
ligands in ammonia and EDA. 
 
STEM images of G-N-MWCNTs reduced in ammonia (Figure 2-15) or in EDA 
(Figure 2-16) quantitatively show that Au nanoparticles were mostly concentrated in 
the channels and very few were present on the surface. So the original surface of the 
tubes seems unaffected, opposite to what we expected. EDX (TEM mode) (Figure 2-
17) of the sample reduced in ammonia revealed that these black spots are Au particles 
and are 10 nm in diameter. 
 
Figure 2-15 STEM images functionalized G-N-MWCNTs with thiol-containing 
ligands in ammonia (2-45). 
G-N-MWCNTs
2-54/ 2-55
Li/NH3, -78 °C
2-14/ 2-15
Au particles (10 nm),
C2H5OH/ RT, 24 h
2-45/ 2-47
G-N-MWCNTs
 2-55
LiEDA, 0-(-5) °C
2-23
Au particles (10 nm),
C2H5OH/ RT, 24 h
2-50
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Figure 2-16 STEM images functionalized G-N-MWCNTs with thiol-containing 
ligands in EDA (2-50). 
 
 
Figure 2-17 (a) TEM and (b) EDX of 2-47. 
The electron microscopy results (STEM and TEM images and EDX) suggested that 
we were able to bind the metals. Another ligand, an amide, was also tried (Scheme 2-
9). The STEM images (Figure 2-18 and 2-19) again suggested preferential binding of 
Au nanoparticles to the newly formed edges of channels. It seemed that these edges 
are more reactive compared to the surface of the G-N-MWCNTs. 
 
 
 
Scheme 2-9 Complexation of functionalized G-N-MWCNTs with thiol-containing 
ligands in ammonia and EDA. 
G-N-MWCNTs
2-57/ 2-58
Li/NH3, -78 °C
2-16/ 2-17
Au particles (10 nm),
C2H5OH/ RT, 24 h
2-48/ 2-49
G-N-MWCNTs
 2-58
LiEDA, 0-(-5) °C
2-25
Au particles (10 nm),
C2H5OH/ RT, 24 h
2-51
 
 27 
 
Figure 2-18 STEM images functionalized G-N-MWCNTs with thiol-containing 
ligands in ammonia. 
 
 
Figure 2-19 STEM images functionalized G-N-MWCNTs with thiol-containing 
ligands in EDA. 
 
The results of reductive functionalization of G-N-MCWNTs suggest that the desired 
chemistry was working. To prove that it is covalent functionalization and not non-
specific binding (Au particles complexing as such with the starting material without 
any requirement of thiol functionality or just sliding in the channels) we carried out 
control experiments. G-N-MWCNTs and G-N-MWCNTs methylated in EDA were 
treated with Au nanoparticles under same reaction conditions (as the other samples) to 
produce 2-60 and 2-61 respectively. The STEM images (Figure 2-20(a) and (b)) 
showed no indication of binding with Au nanoparticles but we can see a few of them 
trapped in agglomerated tubes in some images. 
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Figure 2-20 STEM images of (a) 2-60 and (b) 2-61. 
 
 
Figure 2-21 STEM and SEM done sequentially on functionalized G-N-MWCNTs 
with thiol-containing ligands in ammonia. 
 
The project started particularly with the functionalization of N-MWCNTs as their 
morphology is such that they have more edges available on the surface that can be 
targeted. But the STEM and TEM images of our functionalized materials so far, 
 
 29 
showed that the outer surface seemed quite unreactive, only the edges of the channels 
were the binding sites for the metals. This was also confirmed by sequentially 
imaging the samples in SEM and TEM mode (Figure 2-21). Channels can be seen in 
the SEM images (right hand side) and the corresponding STEM images (left hand 
side) show how these channels are decorated with Au nanoparticles. 
 
A prominent change that occurs during annealing at 2800
 °
C is the formation of loops 
(Figure 2-22) connecting adjacent graphene layers on both the outer and inner 
surfaces of the tubes. When other types of carbon materials are heated to high 
temperatures, similar loops can also form[87]. The formation of stable loops in the G-
N-MWCNTs might also be the reason for the non-reactivity of the outer surface as 
now the outer surface is not a stack of edges, but instead a stack of folds. 
 
 
Figure 2-22 TEM of G- N-MWCNTs showing formation of loops (black arrows). 
 
We thought of using more severe conditions for the functionalization of G-N-
MWCNTs. Although several oxidation techniques have been employed on SWCNTs 
and MWCNTs, stacked carbon materials like N-MWCNTs, have not been studied to 
such an extent. 
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G-N-MWCNTs were subjected to five different sets of oxidizing conditions: 1) 
HNO3; 2) H2SO4/H2O2; 3) FeSO4/H2O2; 4) H2SO4/HNO3; and 5) KMnO4/ H2SO4. 
 
Oxidation with HNO3 (2-62, 63 and 64):   
Treatment of SWCNTs with hot HNO3 helps with efficient removal of metal 
impurities and graphitic platelets[80]. Bower et al.[92] have reported the intercalation 
of nitric acid molecules into SWCNT bundles, and prolonged exposure leads to 
exfoliation and to etching of carbon. Shortening of MWCNTs and formation of 
amorphous carbon were observed with prolonged exposure to concentrated 
HNO3[81]. High temperature annealing following nitric acid-treatment has also been 
used to remove amorphous carbon[93]. 
 
The low-temperature thermal degradation and the shift of the onset of the oxidative 
decomposition to lower temperature (Figure 2-23) in G-N-MWCNTs that were 
subjected to sonication (30 min) followed by reflux in conc. HNO3 for 6h (blue), 12h 
(green) and 24h (red), compared to G-N-MWCNTs suggested the introduction of 
functional groups and defects upon acid treatment. The TGA plots (for all oxidation 
reactions) are rescaled to show regions of interest. 
 
 
Figure 2-23 TGA plot comparing G-N-MWCNTs (black) with products of conc. 
HNO3 oxidation for periods of: 6h (blue), 12h (green) and 24h (red). 
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Figure 2-24 SEM images of G-N-MWCNTs treated with conc. HNO3 after:  a) 
6h; b), and c) damages (surface etching and exfoliation) observed in few tubes 
after 6h; d) and e) 12h and f) 24h. 
 
As reported based on TGA experiments conducted on oxidized MWCNTs, the 
thermal oxidative degradation is a multistage process[76] and it is likely that 
oxidative degradation of G-N-MWCNTs (Figure 2-23) is similar. The low-
temperature weight loss can be attributed to evaporation of physisorbed water, 
decarboxylation and elimination of water from hydroxyl functionalities. The observed 
degradation at higher temperatures is a result of thermal oxidation of remaining 
disordered carbon. The decrease in the temperature of the onset of the oxidative 
decomposition upon increasing reflux time is an evidence of increasing G-N-
MWCNT structural damage as suggested by SEM.  
 
Treatment of MWCNTs with conc. HNO3 results in shortening, fragmentation[81], 
and degradation of CNTs to carbonaceous materials[81, 92]. However, with G-N-
MWCNTs no drastic change in length or in the fragmentation of CNT was observed 
(Figure 2-24). SEM images (Figure 2-24(a), (b) and (c)) of G-N-MWCNTs that had 
been refluxed in conc. HNO3 for 6h showed limited damage on tubes, although 
initiation of exfoliation and etching of the surface was evident. While only partial 
exfoliation was seen after 12h (Figure 2-24(d) and (e)), greater exfoliation resulting in 
formation of carbonaceous material was observed after 24h (Figure 2-24(f)). 
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Oxidation with H2SO4/H2O2 (piranha oxidation) (2-65 and 66):  
Specific conditions for oxidation of CNTs with piranha solution can bring about 
controlled cleavage of CNTs[75]. At higher temperatures, piranha solution attacks 
defect and damage sites, creating vacancies in the sidewalls. Increasing the exposure 
time produces shorter nanotubes resulting from further oxidation of these vacancies. 
Selective etching of smaller diameter nanotubes and significant sidewall damage are 
other results of this process[75].
 
At room temperature, piranha solution is not as 
efficient and results in less etching and less sidewall damage.  
 
 
Figure 2-25 TGA plot comparing G-N-MWCNTs (black) with products of 
oxidation with piranha solution after: 12h (green) and 24h (red) of oxidation. 
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Figure 2-26 SEM images of G-N-MWCNTs treated with piranha solution after:  
a), b) & c) 12h ; d), e) & f) 24h. 
 
Piranha solution appeared to be significantly milder than HNO3 in its effects on G-N-
MWCNTs. Stirring a suspension of G-N-MWCNTs with piranha solution at room 
temperature did not result in significant changes as reflected by TGA (Figure 2-25) 
until roughly 24h (red) of treatment. SEM results (Figure 2-26) supported the 
observations from TGA and indicated very little damage of the tubes from oxidation 
with piranha solution. The tubes appeared unaffected after 12h (Figure 2-26(a), (b) 
and (c)) of piranha treatment and most of the tubes were unaffected even after 24h 
(Figure 2-26(d) and (e)). Only few of the tubes appeared to have significantly 
damaged side-walls (Figure 2-26(f)). 
 
Wang et al. have shown that a mixture of H2O2 and HCl can significantly increase 
purity relative to as-produced nanotube material[94]. They proposed that the presence 
of Fe particles in the as-produced material act as a catalyst for Fenton chemistry, 
producing hydroxyl radicals which are a more powerful oxidant than H2O2. The 
absence of Fe catalyst in our materials means that there is no iron source during 
piranha oxidation so no Fenton chemistry would occur, and this may be responsible 
for insignificant effect of piranha oxidation. This led us to explore the effects of 
Fenton oxidation. 
 
 
a b c 
d e f 
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Fenton oxidation (2-67):  
 
 
Figure 2-27 TGA plots: a) original and b) rescaled, comparing G-N-MWCNTs 
(black) with product of Fenton oxidation before HBr wash (green) and after HBr 
wash (red). 
 
TGA (Figure 2-27) of the material obtained by treatment of G-N-MWCNTs with 
Fenton’s reagent (Figure 2-27(a), green) at room temperature for 24h had two striking 
features. Comparing the thermal stability of Fenton oxidized material to that of G-N-
MWCNTs, we can see that there is 150 ˚C difference between the To of two materials. 
There was also a 10% increase in residue, a red solid that is likely Fe2O3.  
 
 
 
Figure 2-28 STEM images of G-N-MWCNTs treated with Fenton’s reagent.  
 
10.07%
0
20
40
60
80
100
W
e
ig
h
t 
(%
)
0 200 400 600 800 1000
Temperature (°C) Universal V4.4A TA Instruments
40
50
60
70
80
90
100
110
W
e
ig
h
t 
(%
)
0 100 200 300 400 500 600 700 800
Temperature (°C) Universal V4.4A TA Instruments
a 
b 
 
 35 
 
Figure 2-29 EDX on (a) Fenton oxidized tubes, shows mostly carbon without 
signs of Fe and  (b) large fragments in Fenton oxidized tubes. (average carbon 
(16 %) signal may be from lacey carbon) (Cu from Cu grid, Al from sample 
holder, small amounts of Si is residue from synthesis, and small unlabeled peaks 
are Cr and Ca). 
 
 
There were no noticeable dark spots on individual tubes (Figure 2-28) when the 
product was imaged using STEM. EDX (Figure 2-29(a)) on G-N-MWCNTs treated 
with Fenton’s reagent showed no peaks from Fe. Instead, we observed few dark big 
pieces (Figure 2-29(b)) isolated from tubes under STEM and EDX on these showed 
Fe. So, we suspect these to be residual iron that showed as a residue in TGA. The 
product was treated with 48 wt% HBr in order to effectively remove iron. The 
difference was clearly seen in TGA (Figure 2-27 (a) and (b)), with red curve 
representing the oxidative thermal degradation of the HBr treated material following 
Fenton oxidation. Also, the difference in To was reduced from 150 ˚C to 70 ˚C, 
implying that residual iron having a catalytic role in oxidative thermal degradation. 
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Figure 2-30 TGA plots comparing G-N-MWCNTs (black); product of Fenton 
oxidation before HBr wash (green) and after HBr wash (red) and product upon 
addition of Fe to HBr washed Fenton product (blue). 
 
Catalytic role of Fe in oxidative thermal degradation was further analyzed by a 
control experiment (2-77) in which FeSO4.7H2O was added to HBr treated Fenton 
oxidized product (2-67). The idea was to see whether added Fe will again lower To. 
TGA plot (Figure 2-30) illustrates the difference in To (compared to that of G-N-
MWCNTs) increased from 70 ˚C (red) to 150 ˚C (blue) upon addition of Fe. The 
difference is same as seen in Fenton oxidized tubes before HBr wash. Hence the 
control experiment confirms the catalytic role of Fe in oxidative thermal degradation 
of the tubes. 
 
Comparing piranha oxidation (Figure 2-25-red curve) with Fenton oxidation (Figure 
2-27 (b)-red curve), it can be concluded that Fenton oxidation is harsher than piranha 
as the onset of oxidation is shifted to a lower temperature. STEM images (Figure 2-
28) also suggest more side-wall damage in case of Fenton oxidation, supporting the 
TGA results. Based on these observations, the piranha oxidation of as-produced, iron-
containing MWCNTs is likely a Fenton oxidation, resulting from oxidation of the iron 
catalyst particle to form Fe (II) ions that lead to Fenton chemistry. 
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Figure 2-31 TGA plot comparing (a) product of piranha (green) and Fenton 
(blue, before HBr wash; red after HBr wash) on as-prod-N-MWCNTs (black) 
and (b) product of piranha oxidation (red) on Fe removed as-prod-N-MWCNTs 
(blue). 
 
The observation was confirmed by control experiments. Figure 2-31(a) represents 
TGA of products of piranha oxidation (green) and Fenton oxidation (blue, before HBr 
wash; red after HBr wash) on as-prod-N-MWCNTs (black). The overlap of green and 
red curves suggests that piranha oxidation and Fenton oxidation have very similar 
effects on as-prod-N-MWCNTs.  Figure 2-31(b) represents TGA of product of 
piranha oxidation (red) on catalyst (Fe) removed as-prod-N-MWCNTs (blue). The 
overlap of red and blue curves indicate insignificant effect of the treatment as seen in 
G-N-MWCNTs. Catalyst was removed from as-prod-N-MWCNTs (Figure 2-31(b), 
black curve) by HBr treatment prior to air oxidation of as-prod-N-MCNTs (Figure 2-
31(b), green curve) at 400 °C for 4 h.  
   
 
Oxidation with H2SO4/HNO3 (2-68 and 69): 
Treatment of MWCNTs with a mixture of H2SO4 and HNO3 for 6 h or more purifies 
and oxidizes the nanotubes, but also causes opening of closed ends[95]. The highly 
curved surfaces at the end of nanotubes are fullerene-like, and it is easy to understand 
why these sites would be susceptible to oxidation. Recently Cho et al. reported radial 
followed by longitudinal unzipping of MWCNTs using a chemical method containing 
H2SO4 and HNO3[96].   
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Figure 2-32 TGA plot comparing G-N-MWCNTs (black) with products of 
oxidation with a mixture of H2SO4/HNO3 (3:1): 12h (green) and 24h (red). 
 
Acid oxidation treatment of G-N-MWCNTs, with a mixture of H2SO4:HNO3 (3:1) 
with sonication at room temperature (Figure 2-32) shifted the onset of oxidation to a 
lower temperature, both at 12h (green) and 24h (red) compared to that observed under 
treatments 1, 2 and 3 discussed above. This shift may likely be the result of increased 
damage to the tubes, consistent with what was found by SEM analysis.  
Sonicating G-N-MWCNTs in a mixture of H2SO4/HNO3 (3:1) for 12h resulted in the 
formation of spiraled ribbons (Figure 2-33). We have previously reported the 
phenomenon of longitudinal cutting in N-MWCNTs[72, 73] under dissolving metal 
reduction conditions (Li metal in liquid ammonia or ethylenediammine). The most 
common morphology of fractures observed after oxidation in this mixture was 
spiraled channels. 
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Figure 2-33 SEM images of G-N-MWCNTs treated with H2SO4/HNO3 
(sonication for 12h). 
 
When the time period of sonication was increased from 12 to 24h, more damaged 
tubes were seen. The tubes became shorter as reflected by SEM (Figure 2-34). It has 
already been observed that sonication of SWCNTs in H2SO4/HNO3 (3:1) mixture 
produces tubes of shorter lengths, as microscopic domains of high temperature 
produced by the collapse of cavitation bubbles in sonication, leads to the surface 
attack, leaving an open hole in the tube side[74]. The subsequent attack by acid 
mixture at this newly created defect cuts the tube cleanly.  
 
 
Figure 2-34 SEM images of G-N-MWCNTs treated with H2SO4/HNO3 
(sonication for 24h). 
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Figure 2-35 The Raman spectra of: a) G-N-MWCNTs; b) G-N-MWCNTs treated 
with H2SO4/HNO3 (sonication for 24h) and c) G-N-MWCNTs treated with 
KMnO4/H2SO4. 
 
We further evaluated the structure of the G-N-MWCNTs before and after treatment 
using Raman spectroscopy. It was clear (Figure 2-35(a)) from the ratio of the 
integrated intensities of the D (1353 cm
-1
) band to G (1576 cm
-1
) band that G-N-
MWCNTs have very few defects (ID/IG ~ 0.13) and upon oxidation (Figure 2-35(b)) 
with H2SO4/HNO3 mixture the G band broadens a little with significantly increased 
intensity of the D band. It has been reported that oxygen-containing functionalities 
such as carbonyls, carboxyls and hydroxyls[97] exist at the edges and the surface[98], 
thereby disrupting the π-conjugated network, which result in broadened G band and 
increased intensity of D band[83].  
 
We used XPS to determine the composition of oxidized compared to the starting G-N-
MWCNTs which corresponds to the data shown in Figure 2-36. XPS spectroscopy 
also confirmed that the atomic concentration of oxygen increased from 3 to 12%. 
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Figure 2-36 The XPS spectra of: a) G-N-MWCNTs and b) G-N-MWCNTs 
treated with H2SO4/HNO3 (sonication for 24h). 
 
 
Oxidation with KMnO4/H2SO4 (2-70):   
Lengthwise opening of MWCNTs along their axis was observed by Tour et al.[83] 
with a mixture of H2SO4 and KMnO4. Among all the acid oxidative treatments on G-
N-MWCNTs, KMnO4 oxidation conditions remain the harshest. TGA (Figure 2-37, 
red curve) showed considerable low-temperature weight loss (~55%) attributed to 
evaporation of physisorbed water, decarboxylation, decarbonylation and elimination 
of hydroxyl functionalities[76] and also a maximum shift in the onset temperature of 
oxidation of remaining disordered carbon. 
 
Figure 2-37 TGA plot comparing G-N-MWCNTs (black) with KMnO4/H2SO4 
oxidized product (red). 
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We also performed XRD analysis (Figure 2-38) to further investigate this high degree 
of oxidation as was observed from TGA. G-N-MWCNTs have 2θ values of ~26.18˚, 
corresponding to a d-spacing of 3.4 Å. KMnO4 oxidized G-N-MWCNTs show a 
dominant peak at 2θ = 10.7˚, corresponding to a d-spacing of 8.3 Å, with minimal 
signal contributed by G-N-MWCNTs (2θ = 26˚). The spectrum is similar to that of 
graphite oxide (GO) prepared by the Hummers method[97].  
 
 
Figure 2-38 XRD analysis comparing G-N-MWCNTs (black) and KMnO4/H2SO4 
oxidized G-N-MWCNTs (red). 
 
Raman spectroscopy also supported the increased level of disorder with the KMnO4 
oxidized material having ID/IG ~ 1.1 (Figure 2-35(c)) compared to ID/IG ~ 0.13 (Figure 
2-35(a)) for G-N-MWCNTs. This behavior is similar to that observed for GO with a 
broadened G peak (1577 cm
-1
) after oxidation along with the appearance of the D 
band at 1342 cm
-1
.   
 
Microscopy (Figure 2-39) revealed that KMnO4 oxidation on G-N-MWCNTs 
produced the unusual spiraled ribbon textures. Shortening of tubes lengthwise was not 
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observed from the SEM (Figure 2-39) and TEM (Figure 2-40) images unlike upon 
oxidation with H2SO4/HNO3 mixture. Also, the morphology of these spiraled ribbons 
was quiet different from the ones we had seen before with reducing[73] as well as 
oxidizing (H2SO4/HNO3 mixture) conditions. The ribbon texture is more distinct, with 
the distance between the turns of the helix being 100-150 nm. We refer these as 
spiraled carbon nanoribbons (SCNs). A lot of new edges are formed in this newly 
formed ribbon texture as seen in TEM images (Figure 2-40, inset shown by black 
arrows). The formation of SCNs is discussed in chapter 3. 
 
 
Figure 2-39 SEM images of KMnO4/H2SO4 oxidized G-N-MWCNTs. 
 
 
Figure 2-40 TEM images of KMnO4/H2SO4 oxidized G-N-MWCNTs.  
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XPS and EELS analysis were further used to quantify the atomic concentration of 
oxygen. From the work of Tour et al., in the XPS carbon 1s spectra (Figure 2-41(b)) 
of the KMnO4 oxidized G-N-MWCNTs, the signals at 286 eV and 287 eV correspond 
to C–O and C=O, respectively and the shoulder at 289 eV is assigned to carboxyl 
groups[83]. In addition, the atomic concentration of oxygen increased from 3% to 
20% as determined by XPS (Figure 2-41(a)). 
 
 
Figure 2-41 a) XPS and b) deconvoluted C 1s spectra of KMnO4/H2SO4 oxidized 
G-N-MWCNTs. 
 
 
Figure 2-40 STEM image and the corresponding EELS plot for spot 1 of 
KMnO4/H2SO4 oxidized G-N-MWCNTs. 
 
EELS analyzed from individual oxidized tubes (STEM mode) exhibits the O-K edge 
at ~535 eV and the C-K edge at ~290 eV (Figure 2-42). It is clear (Table 2-1) that 
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oxygen-containing functional groups are distributed on the surface as well as the 
edges of the tubes. It can be seen that the average oxygen content from EELS is in 
accordance with that reported by XPS analysis, as a large fraction of oxygen atoms 
are located at or near to the surface. 
 
Table 2-1 Quantitative atomic percent of C and O corresponding to three 
different spots (Figure 2-40) calculated from EELS. 
Location C (at. %)  O at. %  
Spot 1 79 21 
Spot 2 74 26 
Spot 3 81 19 
 
 
2.4. Conclusions 
A novel characterization method for analysis of sites of reactivity was developed. 
Sulfur-containing ligands, as alkylating agents, were synthesized and were attached to 
the nanotubes. Commonly used approach to attach thiol groups to nanotubes involves 
multiple steps. This is achieved in a single step in our approach. The results from 
dissolving metal reduction followed by alkylation of G-N-MWCNTs suggested that 
the edges formed during reduction are the reactive sites for functionalization to take 
place. The original surface of N-MWCNTs seems to be unaffected. A detailed study 
about the structures of N-MWCNTs is under progress.  
 
Another approach we used to modify N-MWCNTs was oxidation with various 
reagents. The effects of five commonly used wet chemical methods of oxidation 
(HNO3, H2SO4/H2O2, FeSO4/H2O2, H2SO4/HNO3, KMnO4/ H2SO4) were studied in 
terms of the extent of oxidation and on the texture of G-N-MWCNTs. TGA, XRD, 
Raman and XPS clearly revealed that KMnO4/ H2SO4 was the most potent oxidant as 
it produced the highest fraction of oxygen-containing functional groups. Electron 
microscopy studies showed that the treatment of G-N-MWCNTs with H2SO4/HNO3 
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and H2SO4/KMnO4 mixtures lead to interesting spiraled ribbon texture, whereas 
treatment of G-N-MWCNTs with conc. HNO3 resulted in exfoliation and formation 
of carbonaceous material. Piranha solution (H2SO4/H2O2) appeared to be significantly 
milder, and our results indicated that the piranha oxidation of as-produced MWCNTs 
is indistinguishable from a Fenton oxidation (FeSO4/H2O2). 
 
2.5. Experimental procedures 
2.5.1. General Methods and Materials  
N-MWCNTs were produced at the UK Center for Applied Energy Research from a 
pyridine feedstock containing dissolved ferrocene as catalyst, at a temperature of 800
 
°C using N2 as the carrier gas in a 4 inch diameter tube reactor[41]. We refer to this 
material as as-produced N-MWCNTs (as-prod-N-MWCNTs). 
Annealing was performed at the UK Center for Applied Energy Research by heating 
~5 g samples of as-produced N-MCWNTs in a capped graphite crucible in a helium-
purged vertical electric resistance tube furnace.  The sample was heated from room 
temperature to the target temperature at 50 °C/min under a flowing He atmosphere 
maintained slightly above atmospheric pressure.  Samples were held at the final 
temperature (~2800 °C) for 1 hour before being cooled to room temperature at 50 
°
C/min[87]. We refer to this material as G-N-MWCNTs. 
TGA experiments were performed on TA 2950, TA Q500, and TA Q5000 
instruments, with a standard heating rate of 10 °C/min from ambient temperature to 
1000
 
°C under air. Results from different instruments are not compared to each other, 
due to differences in instrument behavior. All the TGA’s were repeated at least two 
times, the reactions were also repeated few times, but the plots are reported from 
single experiment. All samples were ground to fine powder, with sample sizes 
approximately 8-10 mg. 
DSC experiments were carried out on DSC Q20 coupled with refrigerated cooling 
system at 10 °C/min from -90 to 400 °C under N2 atmosphere. 
SEM studies were carried out using a Hitachi S-4800 FE-SEM operated at 5-10 kV. 
STEM observations were made on S-4800 FE-SEM equipped with a transmitted 
electron detector and an Oxford EDS system, operated at 30 kV. HRTEM, STEM, 
EDS, EELS were conducted using a JEOL 2010F TEM operated at 200 kV. 
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General procedure for sample preparation for imaging: 
The samples for imaging were prepared by dispersing 1 mg of the sample in 10 ml 
EtOH or DMAc, and bath sonicated for 20 min to result in light grey dispersion. The 
dispersed samples were mounted on lacey carbon copper grids. These grids were 
vacuum dried for 24 h before imaging. 
 
Surface area analysis of the samples was done using nitrogen physisorption at 77 K 
using an ASAP 2020 V3.00H instrument. All the runs were repeated at least two 
times with sample sizes ranging from 80-150 mg. Each time the samples were 
degassed prior to analysis. Surface areas and pore size distributions were calculated 
from the adsorption isotherms using the BET model.   
XRD analysis was performed using a Bruker AXS (model D8 DISCOVER) at 
Kentucky Geological Survey facility with Cu Kα lamp. Sample sizes range from 100-
150 mg for each run. 
Raman spectroscopy was recorded with Thermo Scientific DXR Smart Raman (532 
nm laser excitation).  XPS of samples were recorded using a Physical Electronics PHI 
5400 spectrometer with a magnesium X-ray source. 
NMR spectra (
1
H, 
13
C) were measured on a 400MHz Varian Inova spectrometer.  
Samples were sonicated using Branson 1210 and 2200 bath sonicators.  
Gold nanoparticles (2 nm, 10 nm) were brought from BBInternational. TEM grids 
used were lacey carbon type-A, 300 mesh, copper, with grid hole size of 63µm, and 
ordered from Ted Pella. Chemicals were ordered from Sigma-Aldrich 
(cysteamine.HCl, 4-aminothio phenol, 4-mercapto-1-butanol, EDC, lithium granular, 
ethylene diamine, pyridine, bromoacetic anhydride, chloroacetic anhydride, DMAP, 
30% H2O2, KMnO4), Alfa Aesar (ethyl bromoacetate, methyl iodide, chloroplatinic 
acid), Acros Organics (benzyl bromide, ethyl chloroacetate), Fluka (bromo 
acetylchloride, bromo acetylbromide) and Baker chemicals (FeSO4.7H2O). Absolute 
ethanol was ordered from Fischer, anhydrous THF from Sigma-Aldrich and extra dry 
DCM from Acros Organics. Acid such as H2SO4, HCl, HNO3 were obtained from 
EMD chemicals. 
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2.5.2. General procedure for polyacylation of N-MWCNTs under Friedel-Crafts 
conditions: 
 
 
 
110 mL of dry nitrobenzene (dried and vacuum distilled over calcium chloride) and 
anhydrous aluminium chloride (8.7 g) were placed under a nitrogen atmosphere in a 
500 mL three-necked flask equipped with a magnetic stirring bar, a dropping funnel 
with pressure equalizer, and a reflux condenser, all of which had been stored over-
night in an oven at 110
 
°C. Under efficient stirring and cooling with water and ice, a 
solution of the acid chloride in 30 mL of nitrobenzene was added slowly through the 
dropping funnel. After addition was complete, the cooling bath was removed and the 
reaction was allowed to reach room temperature. The suspension of N-MWCNTs in 
nitrobenzene was added rapidly. This suspension was obtained by adding as-prod-N-
MWCNTs (125 mg) in 55 mL of nitrobenzene and sonicating for two to five minutes 
in a bath sonicator. The reaction was heated under stirring at 180
  
°C for three hours 
after which it was stirred overnight at room temperature. The viscous reaction mixture 
was decomposed by cautious addition of ~250 g of crushed ice which had been 
treated with 5.5 mL of conc. hydrochloric acid. A very compact emulsion resulted 
and, after the ice melted, this was filtered on a Büchner funnel. On the filter paper 
remained a compact black powder, which was then washed with aqueous sodium 
hydrogen carbonate, water, EtOH and CH2Cl2. The resulting material was dried under 
vacuum overnight, weighed and then characterized. 
 
Table 2-2 Acid chlorides used for polyacylation of N-MWCNTs. 
Starting N-MWCNTs (mg) Acid chloride (mL) Compound # 
(quantity in mg) 
As-prod-N-MWCNTs (125) benzoyl chloride (6.63) 2-1 (119) 
As-prod-N-MWCNTs (250) isobutyryl chloride (12) 2-2 (215) 
As-prod-N-MWCNTs (250) decanoyl chloride (24) 2-3 (237) 
As-prod-N-MWCNTs (500)  
(in anhyd. CS2) 
acetyl chloride (4.7) 2-4 (472) 
N-MWCNTs (RCO)xN-MWCNTs
AlCl3, RCOCl
C6H5NO2, 180 °C, 3 h
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2-5 (300) benzoyl chloride (15.25) 2-6 (268) 
2-5 (300) (in anhyd. CS2) acetyl chloride (5.5) 2-7 (442) 
 
2.5.3. General procedure for polyalkylation of N-MWCNTs under dissolving metal 
conditions: 
 
 
 
 
a) Using ammonia as solvent: 
Approximately 175 mL of anhydrous ammonia was condensed using a Dewar 
condenser in a 250 mL three-necked round bottom flask in a dry ice-acetone bath 
under nitrogen. Li metal (250 mg) was added and the resulting blue solution was 
stirred for 5 min. To this solution was added acylated/as-prod-/G-N-MWCNTs (250 
mg) and the resulting black suspension was stirred for 30 min. The alkyl halide was 
added dropwise using a syringe, and the mixture was stirred and allowed to warm to 
RT overnight until the ammonia had completely been evaporated from the flask. H2O 
(200 mL) was added to the flask and stirred for 30 min. The resulting N-MWCNTs 
were then subsequently washed and filtered on 0.2 µm nylon membrane filters with 
H2O until a neutral pH was reached. The polyalkylated N-MWCNTs were washed 
with EtOH and finally with CH2Cl2, dried under vacuum overnight, weighed and 
characterized. 
 
Table 2-3 Electrophiles used in dissolving metal reaction conditions with NH3 as 
solvent. 
Starting N-MWCNTs (mg) Electrophile (g/mL) Compound # 
(quantity in mg) 
2-1 (250) ethyl bromoacetate (2.50) 2-8 (272) 
2-2 (150) ethyl bromoacetate (1.38) 2-9 (134) 
2-3 (500) ethyl bromoacetate (4.6) 2-10 (486) 
N-MWCNTs
(R)xN-MWCNTs
a) Li/NH3, -78 °C
RX, RT
b) Li/EDA, 0-(-5) °C
RX, RT
(R)xN-MWCNTs
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As-prod-N-MWCNTs (250) ethyl bromoacetate (3.0) 2-11 (238) 
As-prod-N-MWCNTs (500) ammonium chloride (3.4) 2-5 (512) 
G-N-MWCNTs (200) ethyl bromoacetate (4.6) 2-12 (213) 
G-N-MWCNTs (100) ammonium chloride (1.14) 2-13 (100) 
G-N-MWCNTs (50) 4-(benzylthio)butyl 
bromoacetate (0.35) 
2-14 (49) 
G-N-MWCNTs (100)  4-(benzylthio)butyl 
chloroacetate (0.35) 
2-15 (112) 
G-N-MWCNTs (100) N-(4-(benzylthio)phenyl)-2-
chloroacetamide (0.37)  
2-16 (100) 
G-N-MWCNTs (100)  N-(4-(benzylthio)phenyl)-2-
bromoacetamide (0.52) 
2-17 (103) 
G-N-MWCNTs (500) methyl iodide (6.50) 2-18 (505) 
 
 
b) Using EDA as solvent: 
Approximately 175 mL of dry EDA was charged into a 250 mL three-necked round 
bottom flask and cooled to -5 
°
C using salt-ice bath under nitrogen. Lithium metal 
(250 mg) was added and the resulting blue solution was stirred for 5 min. To this 
solution was added as-prod-/G-N-MWCNTs (250 mg) and the resulting black 
suspension was stirred for 30 min. The alkyl halide was added dropwise using a 
syringe, and the mixture was stirred and allowed to warm to RT overnight. Water (50 
mL) was added to the flask and stirred for 30 min. The resulting N-MWCNTs were 
then subsequently washed and filtered on 0.2 µm nylon membrane filters with H2O 
until a neutral pH was reached. The polyalkylated N-MWCNTs were washed with 
EtOH and finally with CH2Cl2, dried under vacuum overnight, weighed and 
characterized.  
 
Table 2-4 Electrophiles used in dissolving metal reaction conditions with EDA as 
solvent. 
Starting N-MWCNTs (mg) Electrophile (g/mL) Compound # 
(quantity in mg) 
As-prod-N-MWCNTs (350) ethyl bromoacetate (5.0) 2-19 (377) 
G-N-MWCNTs (500) ethyl bromoacetate (7.2) 2-20 (522) 
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G-N-MWCNTs (350) methyl iodide (4.5) 2-21 (370) 
G-N-MWCNTs (50) 4-(benzylthio)butyl 
bromoacetate (0.25) 
2-22 (52) 
G-N-MWCNTs (100)  4-(benzylthio)butyl 
chloroacetate (0.75) 
2-23 (98.5) 
G-N-MWCNTs (100) N-(4-(benzylthio)phenyl)-2-
chloroacetamide (0.84)  
2-24 (98) 
G-N-MWCNTs (50)  N-(4-(benzylthio)phenyl)-2-
bromoacetamide (0.43) 
2-25 (55) 
G-N-MWCNTs (100) 1-chloro butane (2.2) 2-26 (105) 
 
 
c) Dissolving metal reduction in EDA followed by in ammonia: 
As-prod/G-N-MWCNTs were first reduced in EDA and then in ammonia using the 
above mentioned general procedures. 
 
Table 2-5 Electrophiles used in dissolving metal reduction of G-N-MWCNTs 
(reduced in EDA) with NH3 as solvent.  
Starting N-MWCNTs (mg) Electrophile (g/mL) Compound # 
(quantity in mg) 
2-21 (500) ethyl bromoacetate (6.1) 2-27 (503) 
2-21 (50) 4-(benzylthio)butyl chloro 
acetate (0.35) 
2-28 (50) 
2-21 (100) N-(4-(benzylthio)phenyl)-2-
bromoacetamide (0.55) 
2-29 (112) 
 
 
2.5.4. General procedure for saponification of esterified N-MWCNTs (N-MWCNTs-           
(CH2COOC2H5)x): 
 
 
 
(C2H5OOCCH2)xN-MWCNTs
1M NaOH, 80 °C, 24 h
10% HCl
(HOOCCH2)xN-MWCNTs
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To a 100 mL solution of 1M aqueous NaOH were added esterified N-MWCNTs (200 
mg), and the mixture was heated to 80 °C and stirred for 24 h. The solution was 
cooled to room temperature and then subsequently washed and filtered on a Büchner 
funnel with H2O until a neutral pH was reached. The resulting N-MWCNTs were 
washed off the filter paper to a 250 mL flask equipped with a magnetic stir bar. To 
this was added 85 mL of 10% HCl, the solution was stirred for 30 min and then 
subsequently washed and filtered on 0.2 µm nylon membrane filters with H2O until a 
neutral pH was reached. The acidified N-MWCNTs were then washed with EtOH, 
dried under vacuum overnight, weighed and characterized. 
 
Table 2-6 Saponification of esterified N-MWCNTs. 
Starting N-MWCNTs (mg) Compound # (quantity in mg) 
2-11  (190)  2-30 (155) 
2-19 (300)  2-31 (291) 
2-20  (400)  2-32 (399) 
2-27 (100) 2-33 (103) 
 
 
2.5.5. General procedure of coupling of saponified N-MWCNTs (N-MWCNTs 
(CH2COOH)x) with cysteamine: 
 
 
 
 
Saponified N-MWCNTs (120 mg), cysteamine (1.54 g), N-(3-dimethylaminopropyl)-
N’-ethyl-carbodiimidehydrochloride (EDC) (532 mg), and DMF (60 mL) were stirred 
at RT for 24 h under nitrogen. The resulting N-MWCNTs were then subsequently 
washed and filtered on 0.2 µm nylon membrane filters with H2O. The resulting 
material was washed with EtOH and finally with CH2Cl2, dried under vacuum 
overnight, weighed and characterized. 
 
(HOOCCH2)xN-MWCNTs
EDC, DMF, RT, 24 h
H2NCH2CH2SH
(HSCH2CH2HNCOCH2)xN-MWCNTs
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Table 2-7 Coupling of saponified N-MWCNTs.                                        
Starting N-MWCNTs (mg) Compound # (quantity in mg) 
2-30 (120) 2-34 (123) 
2-31 (200) 2-35 (199) 
2-32 (350) 2-36 (351) 
2-33 (100) 2-37 (99) 
 
 
2.5.6. General procedure for complexation of thiol functionalized N-MWCNTs: 
 
 
 
 
a) With Au nanoparticles: 
Functionalized N-MWCNTs (10 mg) with thiol functionality, Au nanoparticles (2, 10 
nm) (1.5 mL), and EtOH (2.5 mL) were stirred at RT for 24 h. The resulting N-
MWCNTs were then subsequently washed and filtered on 0.2 µm nylon membrane 
filters with EtOH, dried under vacuum overnight, weighed and characterized. 
 
b) With chloro(triphenylphosphine)-gold(I): 
Thiol functionalized N-MWCNTs (50 mg) were dispersed in ethanol (20 mL) using 
bath sonicator and then stirred at room temperature under nitrogen. To this were 
added chloro(triphenylphosphine)-gold(I) (5 mg) dissolved in 2 mL of CH2Cl2 and 
sodium bicarbonate (5 mg). The resulting mixture was stirred at room temperature for 
24 h. The resulting N-MWCNTs were then subsequently washed and filtered on 0.2 
µm nylon membrane filters with water, EtOH and CH2Cl2, dried under vacuum 
overnight, weighed and characterized. 
 
 
 
(HSCH2CH2HNCOCH2)xN-MWCNTs (MSCH2CH2HNCOCH2)xN-MWCNTs
M: Au, Pt
Au particles (2, 10 nm)
C2H5OH, RT, 24 h
Ph3PAuCl, Na2CO3
C2H5OH, RT, 24 h
H2PtCl6(H2O)6
C2H5OH, RT, 24 h
or
or
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c) With chloroplatinic acid: 
To functionalized N-MWCNTs (25 mg) with thiol functionality, 10 mL EtOH, was 
added chloroplatinic acid solution (50 wt. %) (33.15 mg) in EtOH (5 mL) and the 
resulting mixture was bath sonicated for 1 h. The mixture was either rot evaporated or 
filtered, dried under vacuum overnight, weighed and characterized. 
 
Table 2-8 Metal complexation of thiol functionalized N-MWCNTs. 
Starting N-MWCNTs  Complexing metal Compound #  
2-34 Au (2 nm) 2-38  
2-34 Au (complex) 2-39  
2-36 Au (2 nm) 2-40  
2-36 Pt 2-41  
2-37 Au (2 nm) 2-42  
2-37 Pt 2-43  
2-14 Au (2 nm) 2-44  
2-14 Au (10 nm) 2-45  
2-15 Au (2 nm) 2-46  
2-15 Au (10 nm) 2-47  
2-16 Au (10 nm) 2-48  
2-17 Au (10 nm) 2-49  
2-24 Au (10 nm) 2-50 
2-25 Au (10 nm) 2-51 
2-29 Au (10 nm) 2-52 
 
 
2.5.7. Synthesis of thiol-containing ligands: 
 
 
 
 
 
 
HS SPh
Na2CO3, RT
C2H5OH, PhCH2Br, (86%)
2-53
OH OH
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Synthesis of 4-(benzylthio)butan-1-ol (2-53): 
Benzyl bromide (1.61 g, 9.42 mmol) was added to a stirred solution of 4-mercapto-1-
butanol (1.00 g, 9.42 mmol) in 20 mL ethanol containing 2.00 g of sodium carbonate. 
The mixture was stirred under nitrogen for 12 h at room temperature. The solvent was 
removed in vacuo and the resulting residue was dissolved in CH2Cl2 and washed with 
10% HCl and H2O, dried over Na2SO4, and concentrated. The crude product was 
purified by flash column chromatography on silica gel using ethyl acetate:hexane as 
the eluent to give a colorless liquid (1.59 g, 86%). 
1
H NMR (400 MHz, CDCl3): δ 
7.21 (5H, m, PhH), 3.64 (2H, s, PhCH2), 3.55 (2H, t, CH2OH), 2.38 (2H, t, CH2S), 
1.57 (5H, m, CH2-CH2, OH). 
13
C NMR (400 MHz, CDCl3): δ 138.71, 129.04, 128.68, 
127.15, 62.61, 36.44, 31.40, 31.26, 25.63. 
 
 
 
 
General procedure for preparation of esters (2-54, -55): 
To a cold solution of 4-(benzylthio)butan-1-ol (2-53) (0.50 g, 2.55 mmol) and 
pyridine (0.20 g, 2.55 mmol) in THF (5 mL), were added anhydride (2.55 mmol) and 
DMAP (0.03 g, 0.25 mmol) under nitrogen. The mixture was allowed to stand at 
room temperature for 10 h. The solvent was removed in vacuo and the resulting 
residue was dissolved in CH2Cl2, washed with 10% HCl and H2O, dried over Na2SO4, 
and concentrated. The crude product was purified by flash column chromatography 
on silica gel using ethyl acetate:hexane as the eluent. 
 
4-(benzylthio)butyl-chloroacetate (2-54): 
Colorless liquid (0.514g, 74%). 
1
H NMR (400 MHz, CDCl3): δ 7.22 (5H, m, PhH), 
4.1 (2H, t, CH2O),  3.97 (2H, s, CH2Cl), 3.64 (2H, s, PhCH2S), 2.38 (2H, t, SCH2), 
1.63 (2H, m, CH2CH2O), 1.57 (2H, m, CH2CH2S). 
13
C NMR (400 MHz, CDCl3): δ 
167.53, 138.61, 129.03, 128.73, 127.22, 65.98, 41.08, 36.49, 30.99, 27.78, 25.69. 
 
 
SPh
Py, dry THF, 0 °C
DMAP, (Br/ClCH2CO)2O
O
X
O
2-54: X= -Cl
2-55: X= -Br
2-53
OH SPh
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4-(benzylthio)butyl-bromoacetate (2-55): 
Pale yellow liquid (0.542g, 67%). 
1
H NMR (400 MHz, CDCl3): δ 7.22 (5H, m, PhH), 
4.08 (2H, t, CH2O), 3.74 (2H, s, CH2Br), 3.64 (2H, s, PhCH2S), 2.38 (2H, t, SCH2), 
1.67 (2H, m, CH2CH2O), 1.56 (2H, m, CH2CH2S). 
13
C NMR (400 MHz, CDCl3): δ 
167.66, 138.59, 129.02, 128.71, 127.20, 65.99, 36.44, 30.95, 27.73, 26.03, 25.64. 
 
 
 
 
Synthesis of 4-Amino-S-benzylmercaptobenzene (2-56): 
To a stirred solution of 4-aminothiophenol (2.00 g, 16 mmol) in 15 mL of EtOH, 
triethylamine (1.62 g, 16 mmol) and benzylbromide (2.74 g, 16 mmol) were added. 
The mixture was stirred at room temperature for 12 h. The solvent was removed in 
vacuo to yield a yellow oil. The oil was dissolved in CH2Cl2, washed with H2O and 
saturated sodium bicarbonate solution, dried over Na2SO4, and concentrated. The 
crude product was purified by flash column chromatography on silica gel using ethyl 
acetate:hexane as the eluent to give a yellow liquid (4.25 g, 82%). 
1
H NMR (400 
MHz, CDCl3): δ 7.29 (7H, m, PhH), 6.67 (2H, m, PhH), 4.04 (2H, s, SCH2Ph), 3.79 
(2H, bs, NH2). 
13
C NMR (400 MHz, CDCl3): δ 146.41, 138.63, 134.94, 129.11, 
128.48, 127.04, 123.12, 115.62, 41.97. 
 
 
 
 
NH2
SH
Et3N, RT
C2H5OH, PhCH2Br, (82%)
NH2
S Ph
2-56
NH2
S Ph
2-56
2,6-Lutidine, dry THF, 0 °C
(Br/ClCH2COCl/Br)
HN
S Ph
O
X
2-57: X= -Cl
2-58: X= -Br
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General procedure for preparation of amides (2-57, -58): 
To a cold solution of 4-amino-S-benzylmercaptobenzene (2-56) (1.50 g, 6.97 mmol) 
and 2,6- lutidine (0.82 g, 7.67 mmol) in THF (15 mL), acid halide (6.97 mmol) was 
added under nitrogen. The mixture was allowed to stand at room temperature for 8 h. 
The solvent was removed in vacuo and the resulting residue was dissolved in CH2Cl2, 
washed with 10% HCl and H2O, dried over Na2SO4, and concentrated. The crude 
product was recrystallized from CHCl3. 
N-(4-(benzylthio)phenyl)-2-chloroacetamide (2-57): 
yellow solid (1.52 g, 75%). 
1
H NMR (400 MHz, CDCl3): δ 8.18 (1H, br s, NH), 7.43 
(2H, d, PhH), 7.25 (7H, m, PhH), 4.16 (2H, s, CH2Cl), 4.05 (2H, s, SCH2Ph). 
13
C 
NMR (400 MHz, CDCl3): δ 163.89, 137.66, 135.63, 132.62, 131.76, 129.04, 128.71, 
127.42, 120.60, 43.05, 39.95.  
 
N-(4-(benzylthio)phenyl)-2-bromoacetamide (2-58): 
brown solid (1.87 g, 80%). 
1
H NMR (400 MHz, CDCl3): δ 8.09 (1H, bs, NH), 7.41 
(2H, d, PhH), 7.24 (7H, m, PhH), 4.05 (2H, s, CH2Br), 3.99 (2H, s, SCH2Ph). 
13
C 
NMR (400 MHz, CDCl3): δ 163.41, 137.64, 135.85, 132.55, 131.72, 129.03, 128.71, 
127.42, 120.51, 39.94, 29.65. 
 
2.5.8. Control experiments: 
a) G-N-MWCNTs and chloroplatinic acid solution (2-59): 
To G-N-MWCNTs (25 mg), 10 mL EtOH, was added chloroplatinic acid solution (50 
wt. %) (33.15 mg) in EtOH (5 mL) and the resulting mixture was bath sonicated for 1 
h. The mixture was either rota-evaporated or filtered, dried under vacuum overnight, 
weighed and characterized. 
 
b) G-N-MWCNTs and with Au nanoparticles (2-60): 
G-N-MWCNTs (10 mg), Au nanoparticles (2, 10 nm) (1.5 mL), and EtOH (2.5 mL) 
were stirred at RT for 24 h. The resulting N-MWCNTs were then subsequently 
washed and filtered on 0.2 µm nylon membrane filters with EtOH, dried under 
vacuum overnight, weighed and characterized. 
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c) Me-G-N-MWCNTs and with Au nanoparticles (2-61): 
G-N-MWCNTs reduced/alkylated (MeI) in EDA (2-21) (10 mg), Au nanoparticles (2, 
10 nm) (1.5 mL), and EtOH (2.5 mL) were stirred at RT for 24 h. The resulting N-
MWCNTs were then subsequently washed and filtered on 0.2 µm nylon membrane 
filters with EtOH, dried under vacuum overnight, weighed and characterized. 
 
2.5.9. Treatment of G-N-MWCNTs with HNO3[81]:  
A suspension of 0.25 g of G-N-MWCNTs in 50 mL of nitric acid (70 wt%) was 
subjected to bath sonication for 30 minutes. The flask was then equipped with a 
condenser and a magnetic stir bar. The dispersion was stirred and heated at reflux for 
periods of 6, 12 and 24 hours. After that, the resulting dispersion was diluted in water, 
filtered and washed with water to neutral pH and then with ethanol. The resulting 
solid was dried in vacuum for overnight. 
 
Table 2-9 HNO3 oxidation of G-N-MWCNTs as a function of time. 
Starting N-MWCNTs  Time of treatment Compound #  
G-N-MWCNTs 6 h 2-62 
G-N-MWCNTs 12 h 2-63 
G-N-MWCNTs 24 h 2-64 
 
2.5.10. Treatment of G-N-MWCNTs with piranha solution[76]:  
A suspension of 0.25 g of the G-N-MWCNTs in 50 mL of a 70:30 mixture of sulfuric 
acid (96 wt%) and hydrogen peroxide (30 wt%) in a 100 mL round bottom flask 
equipped with a condenser and the mixture was stirred at room temperature for 
periods of 12 and 24 hours. After that, the resulting dispersion was diluted in water, 
filtered and washed with water to neutral pH and then with ethanol. The resulting 
solid was dried in vacuum for overnight. 
Table 2-10 Piranha treatment of G-N-MWCNTs with varying time. 
Starting N-MWCNTs  Time of treatment Compound #  
G-N-MWCNTs 12 h 2-65 
G-N-MWCNTs 24 h 2-66 
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2.5.11. Treatment of G-N-MWCNTs with Fenton reagent (2-67):  
To 75 mL of water in 250 mL round bottom flask was added 0.25 g of G-N-
MWCNTs. To the stirred suspension were added 125 mg of ferrous sulfate 7-hydrate 
and then 25 mL of 30% hydrogen peroxide. The mixture was allowed to stir for 24 
hours, filtered, washed with water and ethanol and dried in vacuum for overnight. The 
residual iron was removed by stirring the product with 20 mL of 48 wt% hydrobromic 
acid for 6h. 
 
2.5.12. Treatment of G-N-MWCNTs with H2SO4:HNO3[82]:  
To 0.25 g of the G-N-MWCNTs was added 60 mL of a 3:1 mixture of sulfuric acid 
(96 wt%) and nitric acid (70 wt%). The mixture was subjected to bath sonication at 
room temperature for periods of either 12 or 24 hours. After that, the resulting 
dispersion was diluted in water, filtered and washed with water to neutral pH and then 
washed with ethanol. The resulting solid was dried in vacuum overnight. 
 
Table 2-11 H2SO4:HNO3 treatment of G-N-MWCNTs with varying time. 
Starting N-MWCNTs  Time of treatment Compound #  
G-N-MWCNTs 12 h 2-68 
G-N-MWCNTs 24 h 2-69 
 
2.5.13. Treatment of G-N-MWCNTs with KMnO4:H2SO4[83] (SCNs) (2-70):  
G-N-MWCNTs (0.15 g) were suspended in 150 ml of conc. H2SO4 for 24 h (bath 
sonication), then KMnO4 (750 mg, 4.75 mmol) was added. After stirring for 1 h at 
room temperature, the mixture was heated at 55 °C for 30 min. The temperature was 
further increased to 65 °C for 15 min and finally to 70 
°
C. When the temperature 
stabilized at 70 °C, the reaction mixture was removed from heating and allowed to 
cool to room temperature. The mixture was poured into 400 ml of ice water 
containing 5 ml of 30% H2O2. The solid material was filtered under vacuum through a 
PTFE membrane. Following stirring of solid material in water (150 mL) for 30 min, it 
was subjected to bath-sonication for another 15 min. Addition of 20 vol% 
concentrated HCl (30 ml) flocculated the material that was again filtered through a 
PTFE membrane. The solid material obtained was stirred in ethanol (150 ml) for 
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30 min and then bath-sonicated for 15 min. Flocculation occurred on addition of ether 
(150 ml) and the product was collected by filtration through a PTFE membrane. 
Washing with ether (2x50 ml) and drying in vacuo afforded oxidized nanotubes.  
 
2.5.14. Control experiments: 
 
a) Air oxidation of as-prod-N-MWCNTs (2-71): 
A sample of as-prod-N-MWCNTs on a crucible was inserted into a 25 cm long quartz 
tube. The quartz tube was placed in a tube furnace (Lindberg/Blue M tube furnace, 
model: TF55035A) and heated at 400 °C for 4 h in air. 
 
b) HBr treatment to remove catalyst (2-72): 
To air oxidized N-MWCNTs (2-72) (0.15g) was added 30 mL hydrobromic acid (48 
wt%) and the resulting mixture was heated at 60 °C for 12h. After that, the resulting 
dispersion was diluted in water, filtered and washed with water to neutral pH and then 
washed with ethanol. The resulting solid was dried in vacuum overnight. 
 
c) Piranha oxidation of as-prod-N-MCNTs (2-73): 
A suspension of 0.25 g of as-prod-N-MCNTs in 50 mL of a mixture of sulfuric acid 
(96 wt%) and hydrogen peroxide (30 wt%) in ratio 70:30 in a 100 mL round bottom 
flask equipped with a condenser and the mixture was stirred at room temperature for 
24 h. After that, the resulting dispersion was diluted in water, filtered and washed 
with water to neutral pH and then with ethanol. The resulting solid was dried in 
vacuum for overnight. 
 
d) Fenton oxidation of as-produced N-MWCNTs (2-74): 
Added 0.25 g of as-prod-N-MCNTs to 75 mL of water in 250 mL round bottom flask. 
To the stirred solution were added 125 mg of ferrous sulfate 7-hydrate and then 25 
mL of 30% hydrogen peroxide. The solution was allowed to stir for 24 hours, filtered, 
washed with water and ethanol and dried in vacuum for overnight. The residual iron 
was removed by stirring the product with 48 wt% 20 mL hydrobromic acid for 6h. 
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e) Piranha oxidation of 2-73 (Fe removed as-prod-N-MWCNTs) (2-75): 
A suspension of 0.05 g of 2-73 (Fe removed as-prod-N-MWCNTs) in 10 mL of a 
mixture of sulfuric acid (96 wt%) and hydrogen peroxide (30 wt%) in ratio 70:30 in a 
100 mL round bottom flask equipped with a condenser and the mixture was stirred at 
room temperature for 24 h. After that, the resulting dispersion was diluted in water, 
filtered and washed with water to neutral pH and then with ethanol. The resulting 
solid was dried in vacuum for overnight. 
 
f) Fenton oxidation of 2-73 (Fe removed as-prod-N-MWCNTs) (2-76): 
Added 0.05 g of 2-73 (Fe removed as-prod-N-MWCNTs) to 15 mL of water in 25 mL 
round bottom flask. To the stirred solution were added 125 mg of ferrous sulfate 7-
hydrate and then 5 mL of 30% hydrogen peroxide. The solution was allowed to stir 
for 24 hours, filtered, washed with water and ethanol and dried in vacuum for 
overnight. The residual iron was removed by stirring the product with 48 wt% 4 mL 
hydrobromic acid for 6h. 
 
g) Fe oxidizes combustion of carbon (2-77): 
Added 0.01 g of Fenton oxidized G-N-MWCNTs (2-67) to a stirred solution of 5 mg 
of ferrous sulfate 7-hydrate in 3 mL of water. The dispersion was stirred for an h and 
then rota-evaporated and dried. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Aman Preet Kaur 2013 
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Chapter 3 
Longitudinal Cutting of N-MWCNTs and ribbon formation
§
 
 
 
3.1. Overview 
This chapter presents the results and discussion of the channeling reaction observed in 
N-MCWNTs under reducing and oxidizing conditions. An investigation of the 
behavior of similar N-MCWNT structures was made to see how the MWCNT 
morphology determines the outcome of these reactions. To further unroll and 
exfoliate channeled materials, different techniques were applied. A detailed account 
on these attempts can be found later in the chapter. Based on observations from 
experiments and other analytical methods, a hypothesis on the origin of formation of 
spiraled and linear channels and spiraled carbon nanoribbons (SCNs) is presented.   
 
3.2. Introduction 
With the discovery of graphene in the twenty-first century[99, 100], researchers 
around the world are directing their studies towards the bulk synthesis of graphene 
and graphene nanoribbons (GNRs). Recently, unzipped MWCNTs have been used to 
form GNRs[83, 96, 101-109]. Several articles have reported processes for cutting 
open carbon nanotubes in the lengthwise (longitudinal) direction[83, 96, 101-109]. 
Figure 3-1 shows different ways in which MWCNTs could be unzipped to yield 
GNRs. Some of these processes include (Figure 3-1):  
 
a) intercalation/exfoliation of MWCNTs; 
1) removal of the tube caps using acid treatments, followed by treatments in 
liquid NH3 and Li, and then subsequent exfoliation by heat treatment[101];  
2) exposing pristine MWCNTs to hot potassium vapor followed by exfoliation 
using bath sonication in chlorosulfonic acid[102] 
 
                                                        
§ A part of this chapter has already been published; Meier, M. S.; Selegue, J. P.; 
Cassity, K. B.; Kaur, A.; Qian, D. Journal of Physics: Condensed Matter 2010, 22, 
334219. 
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Figure 3-1 Sketch showing different ways to unzip MWCNTs to yield 
GNRs[110]. 
b) wet chemical methods, involving H2SO4/KMnO4[83] and H2SO4/HNO3[96] as 
oxidizing agents;  
c) catalytic approach, in which metal nanoparticles cut the nanotube longitudinally 
like a pair of scissors[103]; 
d) electrical method, by passing an electric current through a nanotube[105]; 
e) physicochemical method, by embedding the CNTs in a polymer matrix followed 
by Ar plasma[104]; 
f) electrochemical method, which consists of the oxidation of CNTs at controlled 
potential, followed by reduction to form GNRs[109];  
g) plasma treatment, in which MWCNTs are exposed to hydrogen/oxygen plasma in 
a DC-PECVD reactor at elevated temperatures[107];  
h) STM tip, partial or total unzipping of the outer CNT layer functionalized by 
cycloaddition reaction, which is triggered by the STM tip, under specific 
operating conditions[108]; and 
i) Unrolling ‘stacked-cup’ carbon nanotubes (CSCNTs) by the solution phase 
oxidation and reduction[106]. 
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Other than longitudinal unzipping of MWCNTs, other textural changes are also 
observed upon physical/chemical treatment of carbon materials, in particular stacked 
carbon materials. Upon reduction with sodium naphthalenide in THF[111], cup-
stacked carbon nanotubes consisting of truncated conical graphene layers, are known 
to un-stack rather than to tear open (Figure 3-2). N-MWCNTs undergo current-
induced structural transformation; i.e., from the typical bamboo structure of N-
MWCNTs to the stacked cones, when investigated using in situ TEM[112].  
 
 
Figure 3-2 Sketch showing un-stacking of cones upon reduction with sodium 
naphthalenide[111]. 
 
In our previous publications, we reported longitudinal cutting in N-MWCNTs under 
dissolving metal reduction/alkylation conditions (Li/NH3 and Li/EDA) that resulted in 
the formation of spiraled and linear channels[72, 73] in tubes. To our surprise, similar 
observations on channeling reaction were made under oxidative conditions 
(H2SO4/HNO3 and H2SO4/KMnO4). Presented below are the details of the channeling 
reaction under reducing and oxidizing conditions.   
 
3.3. Results and discussion 
3.3.1. Channeling reaction under dissolving metal reduction-alkylation conditions: 
Treatment of G-N-MWCNTs with lithium in anhydrous ammonia and quenching with 
thiol-containing ligands, lead to the formation of tight spirals in tubes (Figure 2-11and 
3-3). The channels extend into the inner core of the tubes, cutting through every layer 
of graphene. In some cases, a single helicity (either right or left-handed) is seen, but 
in many cases a double thread (both left- and right-handed spirals) is observed. The 
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triangular flaps seen in SEM (Figure 2-11and 3-3) are cuts at angles very close to 
120° and 60°, as found in graphene lattice.  
 
 
Figure 3-3 SEM of spiraled channels upon reduction/alkylation of G-N-
MWCNTs in ammonia. 
 
 
Figure 3-4 SEM of spiraled channels upon reduction/alkylation of G-N-
MWCNTs in ammonia with different electrophiles. 
 
We have found that the formation of spiral channels is independent of the 
electrophile; (4-(benzylthio)butyl chloroacetate, 4-(benzylthio)butyl bromoacetate, N-
(4-(benzylthio)phenyl)-2-chloroacetamide, N-(4-(benzylthio)phenyl)-2-
bromoacetamide, ethyl bromoacetate, ammonium chloride and methyl iodide) and 
also of the type of halide (chloride or bromide) being used in dissolving metal 
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reduction conditions. Figure 3-4 shows SEM images of samples that were treated with 
different electrophiles. Figure 3-5 represents STEM and TEM of the spiraled 
channeled samples. TEM reveals that these fractures are ~35-65 nm wide. 
  
 
Figure 3-5 (a) STEM and (b) TEM of spiraled channels upon reduction/ 
alkylation of G-N-MWCNTs in ammonia. 
 
The channeling reaction was not limited to individual tubes but it affected the bulk of 
the sample, as confirmed by TGA and surface area analysis. Bulk changes in sample 
were also observed by looking at different locations of the sample under SEM. SEM 
(Figure 3-6) revealed that spirals were formed throughout the sample.  
                                                                                                                                                                                                                                                                                                                                                                                                                                 
 
Figure 3-6 SEM of spiraled channels upon reduction/alkylation of G-N-
MWCNTs in ammonia. 
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We anticipated that these spiral channeled materials would be thermally less stable 
than the starting G-N-MWCNTs. In Figure 3-7, is shown a derivative TGA plot 
comparing the To of various alkylated G-N-MWCNTs with To of G-N-MWCNTs. 
The shift in To in all the treated samples can be correlated with the damage done on 
the tubes suggested by the SEM. The black curve depicts G-N-MWCNTs that are 
thermally stable up to ~800 °C in air. A shift of ~150
 
°C is seen in sample treated with 
ammonium chloride (purple) This shift can be rationalized as resulting from the 
presence of reactive sp
3
 sites available to initiate decomposition in the treated samples 
while only graphite-like sp
2
 carbons are present in the untreated sample. Similar shifts 
were observed in the case of other samples treated with 4-(benzylthio)butyl 
bromoacetate (green), N-(4-(benzylthio)phenyl)-2-bromoacetamide (red) and ethyl 
bromoacetate (blue). 
 
 
Figure 3-7 Derivative TGA plot comparing G-N-MWCNTs with products of 
dissolving metal reductions in ammonia with different electrophiles. 
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When reduction/alkylation of G-N-MWCNTs is carried out in EDA, the tubes are 
channeled in linear manner (Figure 3-8(a)). Subjecting these nanotubes to a second 
reduction/alkylation in ammonia, the initial linear channels open up significantly 
(Figure 3-8(b)). 
 
 
Figure 3-8 SEM of linear channels upon reduction/alkylation of G-N-MWCNTs 
(a) in EDA and (b) in EDA followed by in ammonia.   
 
Table 3-1 lists the surface areas of G-N-MWCNTs and channeled tubes measured by 
nitrogen physisorption at 77 K using the BET model. Surface area analysis supports 
the TGA observations. These bulk measurements are consistent with impressions 
generated by the SEM analyses in Figures 3-6 and 3-8. Material that has been 
converted into a spiral has significantly greater surface area than G-N-MWCNTs (91 
m
2
/g compared to 34 m
2
/g) and material with linear fractures (91 m
2
/g compared to 69 
m
2
/g) with a concomitant tripling of the total pore volume. Similarly, the sample that 
has seen two reductions, first in EDA and then in ammonia, showed a similar increase 
in total surface area and total pore volume. 
 
Surface area measurement confirms that the channeling reaction is not limited to a 
few individual nanotubes, but substantially changes the bulk material. A convenient 
classification of pores, according to their average diameter, is recommended by the 
International Union of Pure and Applied Chemistry (IUPAC): 
 
- micropores, size less than 2 nm; 
- mesopores, size between 2 nm and 50 nm; and 
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- macropores, size more than 50 nm 
 
In a sample reduced in EDA, the increase in surface area may be largely due to a 
significant increase in the mesopore fraction of the pore size distribution, consistent 
with the observed size (~ 5-15 nm) of the channels in those samples. The spiral 
channeled sample shows a negligible increase in mesopore fraction and a considerable 
increase in macropore fraction. TEM reveals that these channels are ~ 35-65 nm wide. 
As the diameter of the spiral channeled material is on the border between mesopore 
and macropore sizes, it is hard to apply this nomenclature definitively. The porosity 
distribution of the sample that has been subjected to two separate reduction steps 
suggests that the increase in the surface area is mainly due to a significant increase in 
the macropore fraction that is consistent with the pore size, as suggested by SEM. 
 
Table 3-1 Surface area analysis of channeled G-N-MWCNTs. 
Sample Surface  
area
a
 
(m
2
/g) 
Pore 
volume 
(cm
3
/g) 
Micropore  
(%)  
(< 2 nm) 
Mesopore  
(%)  
(2-50 nm) 
Macropore 
(%)  
(> 50 nm) 
G-N-MWCNTs 34 0.12 4.5 46.2 49.3 
G-N-MWCNTs alkylated
b
 
in NH3 
91 0.38 1.3 47.0 51.7 
G-N-MWCNTs alkylated
b
 
in EDA 
69 0.23 2.2 52.9 44.9 
G-N-MWCNTs alkylated
b
 
in EDA and then in NH3 
86 0.36 0.9 40.4 58.7 
a 
Average of
 
 three runs, 
b  
MeI was used as the alkylating agent.
  
 
3.3.2. Channeling reaction under oxidizing conditions: 
Channeling of G-N-MWCNTs under oxidizing conditions (H2SO4/HNO3 and 
H2SO4/KMnO4) was surprising, as the results were different from oxidation with 
HNO3, piranha and Fenton oxidations. The morphology of the channels formed with 
H2SO4/KMnO4 was quite different. The ribbon texture here is more distinct with 
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distance between the turns of the helix being 100-150 nm (Figure 3-9). We refer these 
as SCNs.  
 
 
Figure 3-9 SEM of SCNs. 
 
Channeling of G-N-MWCNTs with H2SO4/HNO3 was observed under sonication 
conditions. The formation of spiraled channels in G-N-MWCNTs upon sonication in 
H2SO4/HNO3 for 24 h was confirmed by running SEM and STEM consecutively 
(Figure 3-10).  
 
 
Figure 3-10 STEM and SEM images of G-N-MWCNTs treated with 
H2SO4/HNO3 (sonication for 24h). 
 
In order to determine if the oxidizing mixture (H2SO4/HNO3) or the sonication were 
responsible for the formation of channels, a comparative study was done. In one 
study, the tubes were sonicated in water for 12 h (3-1) and in the other study the tubes 
were stirred in a H2SO4/HNO3 (3:1) mixture for 12 h (3-2). SEM (Figure 3-11(a)) 
does not indicate formation of channels in G-N-MWCNTs that were sonicated in 
water. But G-N-MWCNTs stirred in H2SO4/HNO3 showed formation of spiraled 
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channels (Figure 3-11(b)). The results suggest that oxidizing mixture is required for 
formation of channels. Sonication as such is not a requirement for channeling, 
although it might have an added effect in oxidizing mixtures. 
 
 
Figure 3-11 SEM images of G-N-MWCNTs treated with (a) water (sonication for 
12 h) and (b) H2SO4/HNO3 (stirring for 12 h). 
 
The surface area of G-N-MWCNTs channeled under oxidizing conditions was 
determined by nitrogen physisorption. The results show that upon oxidation of G-N-
MWCNTs with a mixture of H2SO4/HNO3 (sonication for 24h), the surface area 
increased from 34 m
2
/g to 63 m
2
/g. This increase was not as large as the increase we 
have observed for samples treated under reducing conditions in ammonia, but it is 
similar to the increase we observed upon the reduction in EDA. Upon KMnO4 
oxidation of G-N-MWCNTs, the surface area increased to 240 m
2
/g, with a total pore 
volume of 0.54 cm³/g and the resulting material was highly mesoporous (~ 75%) 
which can easily be seen from the nitrogen adsorption isotherm (Figure 3-12(a)) and 
corresponding plot of incremental surface area vs. pore width (Figure 3-12(b)).    
 
In general, physisorption isotherms can be grouped into six types shown in Figure 3-
13. Type I isotherms are typical of adsorbents with microporous structures. The 
majority of pore filling occurs at a low relative pressure (below 0.1) and usually the 
process is completed by ~0.5 P/ Po. Type II isotherms are common to either non-
porous solids or a mixture of micro and mesoporous solids. At relatively high 
pressures, monolayer coverage leads to multilayer formation. Type III and Type V 
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isotherms are convex to the relative pressure axis, depicting a weak adsorbate-
adsorbent interaction. Adsorbate-adsorbate interactions accelerate the uptake at higher 
relative pressures. Type III isotherms typify nonporous and microporous solids, while 
Type V isotherms are associated with micro and mesoporous solids. Type IV 
isotherms (also Type V) possess a hysteresis loop. A hysteresis loop is associated 
with capillary condensation taking place in mesopores. Type VI isotherm represents 
stepwise adsorption with the step height being a measure of the monolayer capacity 
for each adsorbed layer. The step height remains nearly constant indicative of an 
extremely homogeneous material. 
 
SCNs exhibit a type IV isotherm with a steep condensation step between 0.50 and 
0.45 P/ Po, indicating the formation of new mesopores[113], while G-N-MWCNTs 
showed virtually no hysteresis in the nitrogen desorption loop. The pronounced 
hysteresis loop seen in the Type IV nitrogen adsorption isotherm exhibited by this 
material is indicative of capillary condensation in mesopores, and likely reflects the 
addition of mesoporosity due to opening of the cores rather than addition of external 
surface roughness which would increase area but would result in a more conventional 
adsorption behavior without capillary effects. It should also be noted that the isotherm 
(Figure 3-12(a)) lacks a high pressure plateau, usually indicative of a narrow pore size 
distribution with pore sizes tending toward the smaller end of the mesopore regime, as 
exhibited here (Figure 3-12(b)). 
 
 
Figure 3-12 a) Adsorption isotherm and b) plot of incremental surface area vs. 
pore width in KMnO4/H2SO4 oxidized G-N-MWCNTs (SCNs). 
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Figure 3-13 Six types of adsorption isotherms. 
 
 
Figure 3-14 SEM of as-prod-N-MWCNTs treated with H2SO4/HNO3. 
We observed that both as-prod-N-MWCNTs and G-N-MWCNTs channel under 
dissolving metal reduction conditions. To find out if as-prod-N-MWCNTs channel 
under oxidizing conditions as well, they were subjected to treatment with 
H2SO4/HNO3 (3-3) and H2SO4/KMnO4 (3-4). Microscopy (Figures 3-14 and 3-15) 
suggests similar behavior to that seen with G-N-MWCNTs. Perhaps there is an 
underlying structural feature responsible for the formation of the channels, a feature 
that is sufficiently stable and is not removed by annealing at 2800 °C. Also, the 
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observation that the channeling reaction occurs on annealed material proves that the 
channeling process is independent of the presence of nitrogen. 
 
 
Figure 3-15 STEM of as-prod-N-MWCNTs treated with H2SO4/KMnO4. 
 
3.3.3. Channeling reaction in acetonitrile derived N-MWCNTs: 
Thus far, the entire results reported on channeling reaction in this chapter have been 
performed on N-MWCNTs made from a pyridine feedstock in a 4-inch tube reactor. 
To confirm that channeling reaction is independent of the use of nitrogen containing 
hydrocarbon precursor during CVD, it was necessary to perform the reaction on N-
MWCNTs that were derived from a different nitrogen source. We received a batch of 
as-prod-N-MWCNTs made from a mixture of acetonitrile and ferrocene in a 4-inch 
tube reactor, again produced at CAER. From TEM images, the acetonitrile derived N-
MWCNTs look essentially identical in texture to pyridine derived N-MWCNTs.  
 
When acetonitrile derived as-prod-N-MWCNTs were subjected to dissolving metal 
reduction/alkylation (3-5), the tubes were essentially just as susceptible to the 
channeling reaction as the pyridine derived as-prod-N-MWCNTs. TEM suggests 
formation of channels in almost every tube (Figure 3-16). When acetonitrile derived 
as-prod-N-MWCNTs were subjected to oxidizing conditions (H2SO4/KMnO4) (3-6), 
similar spiraled ribbon structures were observed as with the pyridine derived as-prod-
N-MWCNTs (Figure 3-17). The results suggest that the channeling reaction is not 
solely dependent on the use of pyridine derived N-MWCNTs, but are also 
independent of nitrogen source. 
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Figure 3-16 TEM of as-prod-N-MWCNTs (acetonitrile derived) upon 
reduction/alkylation. 
 
 
Figure 3-17 SEM of as-prod-N-MWCNTs (acetonitrile derived) upon treatment 
with H2SO4/KMnO4. 
 
To summarize the results so far, channels and spiraled ribbons are formed from N-
MWCNTs under widely differing conditions (reducing conditions with Li/NH3; 
Li/EDA and oxidizing conditions with KMnO4/H2SO4; HNO3/H2SO4). The 
channeling reaction changes the bulk of the material as suggested by surface area and 
TGA results. Spiraled channels are formed upon reduction in ammonia and oxidation 
in HNO3/H2SO4, linear channels are formed on reduction in EDA and a new and 
interesting texture (SCNs) are formed upon oxidation in KMnO4/H2SO4. SCNs are 
highly mesoporous; so they may have interesting applications. The channeling 
reaction is independent of: 
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 electrophile used under dissolving metal reduction conditions;  
 presence of nitrogen and defects (annealable at 2800 °C); and  
 source of nitrogen during CVD synthesis.  
 
Regardless of the questions about the origin of the channels and spiraled ribbons in N-
MWCNTs, there was an irresistible temptation to attempt to unroll them further to 
have some insight to their formation. Also, we were interested if it was possible to 
exfoliate these to single layers. 
 
3.3.4. Attempts to unroll and exfoliate channeled N-MWCNTs: 
We investigated several different methods that might result in substantial exfoliation 
of the channeled N-MWCNTs.  We looked at physical methods, chemical methods, 
and thermal methods.  Each one is discussed below. 
 
Horn sonication 
Horn sonication is a straightforward approach. We subjected these materials to high-
power sonication (50% duty cycle) in 1 wt% aqueous surfactant solution (Pluronic 
F127, a polyethylene glycol-polypropylene glycol block copolymer). The material 
was then filtered using a porous alumina membrane filter (0.2 μm Anodisc), washed, 
and dried in vacuo and imaged while still on the filter after Au coating.  
 
Microscopy on G-N-MWCNTs reduced/alkylated in ammonia and subjected to horn 
sonication(3-8) reveals that after 15 min of sonication (Figure 3-18(a)), there was 
initiation of unrolling in few nanotubes with other tubes still recognizable. After 25 
min (Figure 3-18(b)), few nanotubes have partially unrolled and that after 60 min of 
sonication in surfactant solution (Figure 3-18(c) and (d)), most of them are partially 
unrolled and shortened in length. But we were unable to unroll them completely. 
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Figure 3-18 Horn sonication of G-N-MWCNTs reduced/alkylated (in ammonia) 
in surfactant F127 for (a) 15 min; (b) 25 min; and (c) and (d) 60 min. 
 
 
Figure 3-19 Horn sonication of G-N-MWCNTs treated with (a) HNO3/H2SO4 
and (b) KMnO4/H2SO4 for 60 min. 
 
Oxidized G-N-MWCNTs (HNO3/H2SO4 and KMnO4/H2SO4) were also subjected to 
high-power sonication (50% duty cycle) in 1 wt% aqueous surfactant solution 
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(Pluronic F127) for 60 min. SEM (Figure 3-19) images of both the materials (3-11 
and 3-12) show that the tubes are shortened in length, but there is no indication of 
unrolling. 
 
Treatment of SCNs with chlorosulfonic acid (3-13)  
Chlorosulfonic acid has been shown to promote efficient exfoliation of graphite to 
few layers of graphene[114]. It has been described as a “true solvent” for CNTs; 
dissolving them by protonating the side walls[115]. SCNs were cut into very small 
pieces (Figure 3-20), but these small pieces were still multilayered. It seemed difficult 
to exfoliate them completely to form single layers. 
 
 
Figure 3-20 SCNs after sonication in chlorosulfonic acid for 24 h. 
 
Thermal exfoliation of SCNs (3-14)  
Rapid heating of graphite oxide results in expansion and delamination caused by rapid 
evaporation of intercalated water and evolution of gases produced by thermal 
pyrolysis of oxygen-containing functional groups[116]. When SCNs (Figure 3-21) 
were subjected to a similar heat treatment, some exfoliation of the material resulted, 
but this treatment was not able to split them to individual sheets. 
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Figure 3-21 SCNs after thermal exfoliation. 
 
Modified synthesis of SCNs (3-14 and 3-15) 
G-N-MWCNTs were subjected to heating in KMnO4 after sonication in H2SO4 at 
elevated temperature of 100 °C for 24 h. The resulting tubes have a spiraled ribbon 
texture (Figure 3-22), which is even more distinct than ones observed with original 
procedure. Increasing the amount of KMnO4 from 5 to 6 weight equivalents and 
heating at 100 °C for 24 h, lead to yellow solution in which no black solid was 
visible. It appears that excess of KMnO4 resulted in over-oxidation and destruction of 
the material. 
 
 
 
Figure 3-22 SCN formation at elevated temperature. 
 
3.3.5. Origin of channels and ribbons: 
Longitudinal cutting of N-MWCNTs under widely differing conditions (reducing 
conditions with Li/NH3; Li/EDA and oxidizing conditions with KMnO4/ H2SO4; 
HNO3/ H2SO4), suggests that this material has a morphology that makes it 
predisposed to react in the manner described above.  It appears that the process is 
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largely physical rather than chemical. Accordingly we believe that intercalation could 
be the driving force behind the observed changes from N-MWCNTs to SCNs and 
spiraled and linear channeled N-MWCNTs shown above and reported earlier[72, 73]. 
Lithium is known to form intercalation compounds with carbon materials such as 
graphite[117] and MWCNTs[118]. During the course of dissolving metal 
reduction/alkylation, lithium intercalation could push apart the graphene sheets to 
reveal the underlying architecture. Alkali metals can intercalate from the gas phase 
into MWCNTs, resulting in significant swelling but not tearing of the nanotubes[119].  
Electrochemical intercalation of lithium into MWCNTs has been achieved[118, 120] 
without indication of the tearing process that we observe. Exfoliation has been 
reported in electrochemical intercalation when LiPF6 dissolved in a mixture of 
ethylene carbonate, propylene carbonate and dimethyl carbonate (1:1:3) was used as 
an electrolyte[121]. This indicates that exfoliation may occur when a cointercalant is 
present.  
 
It is possible that the solvent (ammonia or EDA) helps facilitate intercalation and 
results in a much higher amount of intercalated metal, or that the solvent diffuses in 
and occupies voids within the structure[122]. Intercalation of Li increases the 
interlayer spacing from 3.35 to 3.71 Å (LiC6) in graphite[123]. The simultaneous 
intercalation of Li and ammonia in graphite increases the interlayer spacing to 6.62 Å 
(Li(NH3)1.6C10.6)[124]. The stress induced by such a lattice expansion might be 
enough to tear the tubes. Formation of linear channels in EDA and spiraled channels 
in ammonia are difficult to explain on the basis of N-MWCNT structure. The process 
of channeling these tubes in a spiral manner or in a linear manner may be due to an 
interplay of solvent and lithium ion intercalation, coupled with the subtleties of the 
graphene morphology within the nanotube. EDA and ammonia are solvents with 
differing properties and may not be transported with lithium ions in the same manner 
into the graphite structure.  
We further investigated the formation of SCNs (KMnO4/H2SO4) by few control 
experiments. G-N-MWCNTs were subjected to sonication in H2SO4 (96 wt%) for 24 
h (3-17). SEM (Figure 3-23 (a)) did not show any indication of channeling in G-N-
MWCNTs.  
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Next we subjected G-N-MWCNTs to oxidation in KMnO4/H2O (3-18) and 
KMnO4/HCl (38 wt%) (3-19) following the same procedure as with KMnO4/H2SO4. 
SEM images (Figure 3-23 (b) and (c)) indicated no sign of any channeling in G-N-
MWCNTs. These results suggest that only the oxidizing mixture cannot be 
responsible for channeling. Also, H2SO4 appears to be the only acid that works for 
opening these tubes. Hence oxidation in H2SO4 seems to be the key requirement. 
 
Like Li, sulfuric acid is also known to intercalate into graphite and MWCNTs[96]. 
Cho et al.[96] observed radial followed by longitudinal unzipping of MWCNTs in 
mixtures of HNO3 and H2SO4 with high mixing ratio of H2SO4 (1:3 and 1:4). We 
observed longitudinal cutting in our material in a mixture of HNO3/H2SO4 (1:3) and 
KMnO4/H2SO4 but not upon refluxing in HNO3. So under oxidizing conditions, 
intercalation of H2SO4 seems to be a key requirement, resulting in either separation of 
graphene layers or facilitating cleavage of C-C bonds, leading to formation of carbon 
spirals. 
 
 
Figure 3-23 SEM images of G-N-MWCNTs subjected to (a) sonication in H2SO4 
for 24 h; (b) oxidation in KMnO4/H2O and (c) oxidation in KMnO4/HCl. 
 
Prolonged exposure to HNO3 results in loss of tubular structure and formation of 
carbonaceous material. This is a different observation than in combination with 
H2SO4. Formation of carbonaceous material may be possible from an uncontrolled 
random attack of nitronium species on carbon atoms. In piranha oxidation, although 
sulfuric acid is present, the lower concentration seems to be ineffective in causing any 
change in G-N-MWCNTs. This again emphasizes requirement of higher 
concentration of H2SO4 in a mixture with other oxidant.  
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3.4. Conclusions 
Longitudinal cutting of N-MWCNTs is observed under widely different reaction 
conditions. We hypothesize that intercalation (Li or H2SO4) is a key requirement 
under our reaction conditions for tearing N-MWCNTs. Channeling reaction results in 
bulk changes in the sample. Various attempts to unroll and exfoliate these materials 
further were unsuccessful.  
Some interesting features about the structure are revealed by the different channel 
morphologies that result from the N-MWCNTs with only a change in the solvent used 
in the reduction/alkylation reaction and moving from reducing to oxidizing 
conditions. The consistency of the patterns observed suggests that an underlying 
structural feature is present. The formation of spiraled channels and SCNs are difficult 
to rationalize based on the reported stacked cup morphology of N-MWCNTs. The 
underlying structure of carbon appears to be more complex at least in the material 
under study. An attempt to develop a sructural model to explain various observations 
is made in the next chapter.   
 
3.5. Experimental procedures 
3.5.1. General Methods and Materials: 
Horn sonication was performed using Vibra cell horn-sonicator (model: VC600, 
voltage: 120 V, Power: 600 watts, Frequency: 20 kHz) with time ranging from 1-60 
min at a 50% duty cycle. Pluronic F127 surfactant was purchased from Sigma-Aldrich 
and chlorosulfonic acid was obtained from EMD chemicals. 
 
3.5.2. Treatment of G-N-MWCNTs with DI water under sonication conditions (3-1): 
To 0.10 g of the G-N-MWCNTs was added 24 mL of water. The mixture was 
subjected to bath sonication at room temperature for 12 h. After that, the resulting 
dispersion filtered and washed with ethanol. The resulting solid was dried in vacuum 
overnight. 
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3.5.3. Treatment of G-N-MWCNTs with H2SO4:HNO3 under stirring conditions (3-
2): 
To 0.10 g of the G-N-MWCNTs was added 24 mL of a 3:1 mixture of sulfuric acid 
(96 wt%) and nitric acid (70 wt%). The mixture was subjected to stirring at room 
temperature for 12 h. After that, the resulting dispersion was diluted in water, filtered 
and washed with water to neutral pH and then washed with ethanol. The resulting 
solid was dried in vacuum overnight. 
 
3.5.4. Treatment of pyridine derived as-prod-N-MWCNTs with H2SO4:HNO3 (3-3): 
To 0.25 g of as-prod-N-MWCNTs was added 60 mL of a 3:1 mixture of sulfuric acid 
(96 wt%) and nitric acid (70 wt%). The mixture was subjected to bath sonication at 
room temperature for periods of either 12 or 24 hours. After that, the resulting 
dispersion was diluted in water, filtered and washed with water to neutral pH and then 
washed with ethanol. The resulting solid was dried in vacuum overnight. 
 
3.5.5. Treatment of pyridine derived as-prod-N-MWCNTs with KMnO4:H2SO4[83] 
(3-4):  
As-prod-N-MWCNTs (0.15 g) were suspended in 150 ml of conc. H2SO4 for 24 h 
(bath sonication), then KMnO4 (750 mg, 4.75 mmol) was added. After stirring for 1 h 
at room temperature, the mixture was heated at 55 °C for 30 min. The temperature 
was further increased to 65 °C for 15 min and finally to 70 °C. When the temperature 
stabilized at 70 °C, the reaction mixture was removed from heating and allowed to 
cool to room temperature. The mixture was poured into 400 ml of ice water 
containing 5 ml of 30% H2O2. The solid material was filtered under vacuum through a 
PTFE membrane. Following stirring of solid material in water (150 mL) for 30 min, it 
was subjected to bath-sonication for another 15 min. Addition of 20 vol% 
concentrated HCl (30 ml) flocculated the material that was again filtered through a 
PTFE membrane. The solid material obtained was stirred in ethanol (150 ml) for 
30 min and then bath-sonicated for 15 min. Flocculation occurred on addition of ether 
(150 ml) and the product was collected by filtration through a PTFE membrane. 
Washing with ether (2x50 ml) and drying in vacuo afforded oxidized nanotubes.  
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3.5.6. Dissolving metal reduction of acetonitrile derived as-prod-N-MWCNTs 
followed by methylation in NH3 (3-5): 
Approximately 170 mL of anhydrous ammonia was condensed using a Dewar 
condenser in a 250 mL three-necked round bottom flask in a dry ice-acetone bath 
under nitrogen. Li metal (230 mg) was added and the resulting blue solution was 
stirred for 5 min. To this solution were added as-prod-N-MWCNTs (230 mg) and the 
resulting black suspension was stirred for 30 min. Methyl iodide (3 mL) was added 
dropwise using a syringe, and the mixture was stirred and allowed to warm to RT 
overnight until the ammonia had completely been evaporated from the flask. H2O 
(200 mL) was added to the flask and stirred for 30 min. The resulting N-MWCNTs 
were then subsequently washed and filtered on 0.2 µm nylon membrane filters with 
H2O until a neutral pH was reached. The polyalkylated N-MWCNTs were washed 
with EtOH and finally with CH2Cl2, dried under vacuum overnight, weighed and 
characterized. 
 
3.5.7. Treatment of acetonitrile derived as-prod-N-MWCNTs with 
KMnO4:H2SO4[83] (3-6):  
As-prod-N-MWCNTs (0.15 g) were suspended in 150 ml of conc. H2SO4 for 24 h 
(bath sonication), then KMnO4 (750 mg, 4.75 mmol) was added. After stirring for 1 h 
at room temperature, the mixture was heated at 55 °C for 30 min. The temperature 
was further increased to 65 °C for 15 min and finally to 70 °C. When the temperature 
stabilized at 70 °C, the reaction mixture was removed from heating and allowed to 
cool to room temperature. The mixture was poured into 400 ml of ice water 
containing 5 ml of 30% H2O2. The solid material was filtered under vacuum through a 
PTFE membrane. Following stirring of solid material in water (150 mL) for 30 min, it 
was subjected to bath-sonication for another 15 min. Addition of 20 vol% 
concentrated HCl (30 ml) flocculated the material that was again filtered through a 
PTFE membrane. The solid material obtained was stirred in ethanol (150 ml) for 
30 min and then bath-sonicated for 15 min. Flocculation occurred on addition of ether 
(150 ml) and the product was collected by filtration through a PTFE membrane. 
Washing with ether (2x50 ml) and drying in vacuo afforded oxidized nanotubes. 
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3.5.8. General procedure for horn sonication: 
The material (1 mg) was suspended in a 1 wt% aqueous surfactant solution (Pluronic 
F127, polyethylene glycol-polypropylene glycol block copolymer) and subjected to 
high power horn sonication (50% duty cycle) for time intervals ranging from 1-60 
min.  
 
Starting N-MWCNTs  Compound #  
G-N-MWCNTs 3-7 
2-15 3-8 
2-21 3-9 
2-28 3-10 
2-69 3-11 
2-70 3-12 
 
Sample preparation for imaging: 
The dispersion was then filtered using a porous alumina membrane filter (0. 2 μm 
Anodisc), washed, and dried in vacuo. The material was then imaged while still on the 
filter after coating with Au. 
 
3.5.9. Treatment of KMnO4:H2SO4 oxidized G-N-MWCNTs with chlorosulfonic 
acid (3-13): 
KMnO4:H2SO4 oxidized G-N-MWCNTs (2-70) (0.05 g) were suspended in 75 ml of 
chlorosulfonic acid and bath sonicated for 24 h. The resulting dispersion was poured 
over ice, filtered under vacuum through a PTFE membrane, washed with ethanol and 
then dried in vacuo. 
 
3.5.10. Thermal exfoliation of KMnO4:H2SO4 oxidized G-N-MWCNTs in furnace (3-
14): 
To a clean pre-weighed crucible was added KMnO4:H2SO4 oxidized G-N-MWCNTs 
(2-70) and weighed again. The crucible was then charged into 25 cm long quartz tube 
and kept in a furnace (Lindberg/Blue M tube furnace, model: TF55035A) and purged 
with Ar for 20 min. Argon inlet and outlet were inserted through a rubber stopper. 
The sample was heated at 150 °C for 10 min and then to 1000 °C. The sample was 
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kept at 1000 °C for 30 min, and then cooled down to 500 °C. The sample was then 
removed. 
 
3.5.11. Treatment of G-N-MWCNTs with KMnO4:H2SO4 at higher temperature (3-
15): 
G-N-MWCNTs (0.15 g) were suspended in 150 ml of conc. H2SO4 for 24 h (bath 
sonication), then KMnO4 (750 mg, 4.75 mmol) was added. After stirring for 1 h at 
room temperature, the mixture was heated to 100 °C for 24 h. The reaction mixture 
was allowed to cool to RT and then was poured into 400 ml of ice water containing 
5 ml of 30% H2O2. The solid material was filtered under vacuum through a PTFE 
membrane. Following stirring of solid material in water (150 mL) for 30 min, it was 
subjected to bath-sonication for another 15 min. Addition of 20 vol% concentrated 
HCl (30 ml) flocculated the material that was again filtered through a PTFE 
membrane. The solid material obtained was stirred in ethanol (150 ml) for 30 min and 
then bath-sonicated for 15 min. Flocculation occurred on addition of ether (150 ml) 
and the product was collected by filtration through a PTFE membrane. Washing with 
ether (2x50 ml) and drying in vacuo afforded oxidized nanotubes. 
 
3.5.12. Treatment of G-N-MWCNTs with KMnO4:H2SO4 (increasing amount of 
KMnO4) (3-16): 
G-N-MWCNTs (0.10 g) were suspended in 20 ml of conc. H2SO4 and stirred for an h. 
KMnO4 (600 mg) was added over a period of 30 min at RT, and then after 15 min, the 
mixture was heated to 100 °C for 24 h. The reaction mixture was allowed to cool to 
RT and then was poured into 400 ml of ice water containing 5 ml of 30% H2O2. The 
solid material was filtered under vacuum through a PTFE membrane. Following 
stirring of solid material in water (150 mL) for 30 min, it was subjected to bath-
sonication for another 15 min. Addition of 20 vol% concentrated HCl (30 ml) 
flocculated the material that was again filtered through a PTFE membrane. The solid 
material obtained was stirred in ethanol (150 ml) for 30 min and then bath-sonicated 
for 15 min. Flocculation occurred on addition of ether (150 ml) and the product was 
collected by filtration through a PTFE membrane. Washing with ether (2x50 ml) and 
drying in vacuo afforded oxidized nanotubes. 
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3.5.13. Control experiments: 
 
a) Treatment of G-N-MWCNTs with H2SO4 (3-17): 
G-N-MWCNTs (0.05 g) were suspended in 15 ml of conc. H2SO4 for 24 h (bath 
sonication), and then the mixture was poured into 400 ml of ice water. The solid 
material was filtrated under vacuum through a PTFE membrane. The product was 
washed with ethanol and dried in vacuo. 
 
b) Treatment of G-N-MWCNTs with KMnO4 in water (3-18): 
G-N-MWCNTs (0.05 g) were suspended in 15 ml of DI water for 24 h (bath 
sonication), then KMnO4 (250 mg, 1.6 mmol) was added. After stirring for 1 h at 
room temperature, the mixture was heated at 55 °C for 30 min. The temperature was 
further increased to 65 °C for 15 min and finally to 70 °C. When the temperature 
stabilized at 70 °C, the reaction mixture was removed from heating and allowed to 
cool to room temperature. The mixture was poured into 150 ml of ice water 
containing 1.6 ml of 30% H2O2. The solid material was filtered under vacuum through 
a PTFE membrane. Following stirring of solid material in water (50 mL) for 30 min, 
it was subjected to bath-sonication for another 15 min. Addition of 20 vol% 
concentrated HCl (10 ml) flocculated the material that was again filtered through a 
PTFE membrane. The solid material obtained was stirred in ethanol (50 ml) for 
30 min and then bath-sonicated for 15 min. Flocculation occurred on addition of ether 
(50 ml) and the product was collected by filtration through a PTFE membrane. 
Washing with ether (2x10 ml) and drying in vacuo afforded the product. 
 
c) Treatment of G-N-MWCNTs with KMnO4 in HCl (3-19): 
G-N-MWCNTs (0.05 g) were suspended in 15 ml of HCl for 24 h (bath sonication), 
then KMnO4 (250 mg, 1.6 mmol) was added. After stirring for 1 h at room 
temperature, the mixture was heated at 55 °C for 30 min. The temperature was further 
increased to 65 °C for 15 min and finally to 70 °C. When the temperature stabilized at 
70 °C, the reaction mixture was removed from heating and allowed to cool to room 
temperature. The mixture was poured into 150 ml of ice water containing 1.6 ml of 
30% H2O2. The solid material was filtered under vacuum through a PTFE membrane. 
Following stirring of solid material in water (50 mL) for 30 min, it was subjected to 
bath-sonication for another 15 min. Addition of 20 vol% concentrated HCl (10 ml) 
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flocculated the material that was again filtered through a PTFE membrane. The solid 
material obtained was stirred in ethanol (50 ml) for 30 min and then bath-sonicated 
for 15 min. Flocculation occurred on addition of ether (50 ml) and the product was 
collected by filtration through a PTFE membrane. Washing with ether (2x10 ml) and 
drying in vacuo afforded oxidized nanotubes. 
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Chapter 4 
The origin of ribbon-like structures: A proposal for a structural model of N-
MWCNTs
**††
 
 
4.1. Overview 
The proposed models of N-MWCNTs in the literature - “bamboo type” or “stacked 
cups”- do not seem to support the observations made on our material. Chapters 2 and 
3 gave an in-depth analysis of the textures produced under reductive and oxidative 
conditions, and it is difficult to rationalize the resulting textures if the starting point is 
a bamboo structure or a set of stacked cups. Using the observations from CNT-
polymer composite experiments, the following chapter is an attempt to propose a 
plausible structure of the tubes under study.  
 
4.2. Introduction 
TEM is a widely used technique for characterization of microtextures in carbon 
materials. Since TEM is a two-dimensional cross-section of the material, it is 
sometimes difficult to fully characterize the original microstructure. For example, it is 
very difficult to distinguish nesting cylinders from scrolls in case of MWCNTs[125] 
and herringbone from stacked cups in the case of stacked CNTs[126]. Even though 
stacked cup CNTs have been synthesized under comparative conditions by CVD 
methods, their real structure is still a matter of some debate. Other models are 
proposed for explaining the texture of members of the “stacked cup” or herringbone 
family of filamentous carbons. These involve a discontinuous arrangement formed by 
stack of truncated graphitic cones[127-129] or a continuous texture formed by a 
helical graphene ribbon wrapped in a conical spiral[128-132]. 
   
 
                                                        
** Part of this chapter is taken from our manuscript; Kaur, A.; Meier, M. S.; Andrews, 
R.; Qian, D. Discontinuous spiraled carbon nanoribbons resulting from coiling of thin 
graphite subunits formed during oxidation of N-doped multiwalled carbon nanotubes 
(Carbon, in Press).  
  
†† Figure 4-9: courtesy Prof. Mark S. Meier. 
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A structure of discontinuous truncated graphene cones, which look similar to 
herringbone CNTs, was proposed by Endo et al.[127]. Vera-Agullo et al. claimed a 
helical graphene ribbon structure for their “stacked cup CNTs” when they were able 
to directly peel long graphene ribbon from a single stacked cup CNT[130]. Yang et 
al. suggested that a single graphene sheet grown into a helical structure forms the 
basis of the structure of their fibers, which were synthesized via a CVD method by 
using Pd catalyst[131]. Terrones and co-workers produced high yields of graphitic 
conical nanofibers catalyzed by Pd[133]. Saito et al.[111] disassembled their cup 
stacked CNTs to individual cups after treatment with Na/naphthalene while Liu et 
al.[106] unrolled their cup stacked CNTs to graphene layers by permanganate 
treatment.    
 
Monthioux et al.[128] found dramatic variations in type, diameter, inner texture and 
structure of filamentous carbon materials as a function of the catalyst composition and 
preparation method. They have estimated the relative proportions of various 
nanofilament types (platelet nanofibre to herringbone nanofibre to herringbone-
bamboo nanotubes) depending on the angle (α) between graphene layers with respect 
to the nanofilament axis. Materials grown with graphene angles (α) that range from 
30° to 180° take on herringbone nanofibre to herringbone-bamboo nanotube textures. 
In our material, the graphene layers are arranged with very narrow angles ( = 7-12°) 
relative to the nanotube axis (Figure 4-1(a)), compared to the 30˚ to 180˚ angles 
studied in previous reports. We observe catalyst particles (Figure 4-1(b)) that are 
sharp cones with angles ranging from 8˚ to 15°, significantly more pointed than the 
elongated conical catalyst particles (20˚ - 60°) observed by Monthioux et al.[128]. 
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Figure 4-1 HRTEM images showing a) the α angle in G-N-MWCNTs; and b) the 
conical catalyst particles in N-MWCNTs before annealing 
 
In our experiments (dissolving metal reduction/alkylation conditions and oxidizing 
conditions (H2SO4/HNO3 and H2SO4/KMnO4)), we observed formation of linear and 
spiral channels along with SCNs. Formation of spiraled channels and spiraled ribbons 
suggest that the underlying morphology is most likely not a set of stacked cups. In an 
effort to understand more about the texture we attempted to pull these spiraled ribbons 
lengthwise by stretching their polymer composites in the hopes that the underlying 
structure would unravel. 
 
4.3. Results and discussion 
CNT composites are made in order to disperse CNTs homogeneously throughout the 
matrix without destroying their integrity. The effective load transfer across CNT/ 
matrix depends upon good interfacial bonding. We started with dispersing G-N-
MWCNTs in polystyrene (PS) using a melt method (4-1). G-N-MWCNTs were 
sonicated to suspend into PS solution. Adding excess ethanol precipitated the 
suspension. The resulting composite was dried and then was melted using heating 
mantle. Optical microscopy (Figure 4-2(a)) and SEM (Figure 4-2(b)) were used to 
analyze the melt sample. The images show that G-N-MWCNTs are well dispersed in 
PS. The melt was dispersed in chloroform by sonication, centrifuged and the 
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supernatant was spin cast to form a thin film on a glass slide. The film was coated 
with gold and analyzed by SEM. 
 
 
Figure 4-2 (a) Optical and (b) SEM of G-N-MWCNTs-PS melt composite.  
SEM was not very informative as there were only few tubes visible in the film. This 
was probably due to limited solubility of the composite in chloroform, so a solution 
method for preparing composites was attempted.  
 
Toluene was the first solvent used to make G-N-MWCNTs-PS composite (4-2). 
Optical microscopy (Figure 4-3(a)) shows that the tubes were poorly dispersed in PS. 
THF was then chosen as a solvent to make G-N-MWCNTs-PS composite (4-3). This 
resulted in a better dispersion as was seen under optical microscopy (Figure 4-3(b)). 
With this the method was optimized to make the PS composites. 
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Figure 4-3 Optical microscopy of G-N-MWCNTs-PS solution composite in (a) 
toluene and (b) THF. 
 
The composite of SCNs-PS (4-4) was made in THF and thin film was spin cast on a 
glass slide. The film, analyzed by SEM, shows the formation of circular structures on 
the surface (Figure 4-4(a)). This was not really due to an interaction between tubes 
and PS as similar appearance (Figure 4-4(b)) was observed with PS (without tubes) in 
THF. The glass slide was then cracked in liquid N2. Figure 4-5 presents SEM of the 
cracked composite.  
 
 
Figure 4-4 Low resolution of SEM of (a) G-N-MWCNTs-PS composite in THF 
and (b) PS in THF.  
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The image (Figure 4-5(a)) shows a crack in the polymer, but there are no tubes visible 
in the crack. As some SCNs (Figure 4-5(b)) are seen as such in the composite, they do 
not seem to have much interaction with PS. SCNs contain a lot of oxygen-containing 
functional groups on their surface and in between the layers. This may be responsible 
for their poor interaction with PS. We then tried saran wrap (polyethylene (PE)), to 
make composites with SCNs. This was not successful either.  
   
 
Figure 4-5 SEM of cracked SCNs-PS composite.  
 
The next attempt was to use poly(methyl methacrylate) (PMMA). The composite (4-
6) was formed by casting a suspension of SCNs in a solution of polymer dissolved in 
THF. Thin film on glass slide was analyzed by SEM (Figure 4-6(a) and (b)), after 
coating with Au. It was observed that focusing the electron beam on SCNs- PMMA 
composite in the SEM initiates cracks in the composite (Figure 4-6(a)), and this was 
used to an advantage in further preparation of SEM samples. Now the samples could 
be directly prepared on a copper grid and no additional steps to crack the composite 
were required. Figure 4-6(c) and (d) are SEM of the composite (4-9) on a copper grid. 
In situations where the spiraled ribbons are found exposed at the surface of the 
composite (Figure 4-6(b) and (d)), they appear to be composed of subunits with linear 
channels at one point, but that transform to spiraled ribbons farther along the ribbon. 
It appears as if the subunits that are apparent in a linear channel can rearrange to form 
a ribbon. Hence the two morphologies can be seen in a single tube. This observation 
is not polymer specific, as similar observations are made when SCNs were observed 
under SEM, STEM and TEM in the absence of polymers (Figure 4-7). 
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Figure 4-6 SEM of SCN-PMMA composite (a), (b) on a glass slide and (c), (d) on 
copper grid.  
 
Figure 4-7 (a) SEM and (b) STEM of SCNs. 
 
We found some examples of the ribbons unfurling as a result of the cracking of the 
composite. Figure 4-8 represents SEM images of the cracked composite. The images, 
with more clearly visible subunits, suggest that the structure that is composed of a 
stack of coiled subunits. We believe that the subunits visible in Figure 4-8 are 
composed of multiple graphene layers rather than a single sheet of graphene. Though 
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the tubes seen in the images do not represent a true ribbon, we can imagine rotation of 
individual subunits relative to another adjacent to form a coiled ribbon. All these 
observations suggest that SCNs are not composed of a continuous coiled ribbon but 
instead as a set of coiled subunits (Figure 4-7 and 4-8), even though they appear to be 
continuous. 
 
 
Figure 4-8 SEM image of SCNs exposed within a crack in the composite. 
 
Formation of spiraled channels/carbon ribbon or linear channels, starting from the 
same material, can be rationalized as resulting from movement of the subunits that 
make up the structures in Figure 4-8 above. These processes are shown schematically 
in Figure 4-9, and are compared to textures we observe.  Reduction/intercalation or 
oxidation/intercalation opens up the structure and permits the subunits to move 
relative to each other.  If they do not rotate, the aligned edges of the subunits appear 
as a linear channel (A).  If the edges of the subunits slip relative to each other (B), a 
curving channel is formed, and with slight rotation of subunit, a spiral ribbon forms 
(C), albeit a ribbon formed from the multiple subunits rather than from one 
continuous band of graphene.   
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Figure 4-9 Schematic showing how simple curved subunits can form spiraled 
ribbon textures or filaments with linear channels. 
 
When treated with a dilute polymer solution, the spiraled ribbons have a thin polymer 
coating on their surface.  In some STEM images (Figure 4-10), this highlighted their 
surface texture, and in these images it is possible to see the edges of the individual 
subunits that together create the impression of a continuous coiled ribbon.  
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Figure 4-10 STEM-SEM images of SCNs-PMMA composite. 
The motivation of preparing SCNs-polymer composites was to unfurl the tubes in 
order to gain insights on the microstructure of the tubes. These experiments revealed 
the underlying structure of many tubes and we did find few unfurled tubes. These 
observations were helpful in explaining the formation of different textures obtained 
from the same starting material, and gave us a confidence in proposing a structural 
model.  
 
4.4. Conclusions 
The results indicate that N-MWCNTs produced by CVD synthesis from 
pyridine/ferrocene in our reactor do not actually have the stacked-cup texture 
described previously but are instead a stack of coiled subunits. We believe that 
reduction/intercalation or oxidation/intercalation pushes apart the stacks, revealing 
and enabling the subunits to move relative to each other, resulting in formation of 
spiraled channels or carbon nanoribbons. 
 
4.5. Experimental procedures 
 
4.5.1. General Methods and Materials: 
PS and PMMA were obtained from UK CAER and premium Saran wrap was used for 
PE. THF was ordered from Sigma-Aldrich and toluene from Pharmco-Aaper. 
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4.5.2. G-N-MWCNTs-Polystyrene composite (melt method) (4-1): 
To G-N-MWCNTs (5 mg) was added polystyrene (1 g) and THF (10 mL) and 
sonicated to suspend G-N-MWCNTs into polystyrene solution. The suspension was 
rapidly precipitated by adding excess ethanol and the resulting composite was dried at 
80 °C in vacuum. The composite was then melted using heating mantle at 250 °C for 
30 min and stirred with glass rod. A sample of melt was taken for optical and 
scanning electron microscopy. The melt was cooled and dispersed in chloroform by 
sonication and then centrifuged for 15 min. The supernatant was analyzed by optical 
microscopy and spin cast to form a thin film on a glass slide, which was analyzed by 
SEM. 
  
4.5.3. G-N-MWCNTs-Polystyrene composite (solution method) in toluene (4-2): 
G-N-MWCNTs (5 mg) were dispersed in toluene (10 mL) with sonication for 30 min. 
Polystyrene (1 g) was then added and the mixture was stirred and heated at 100 °C for 
2 h. A thin film was casted onto a glass slide, which was analyzed by optical 
microscopy. 
 
4.5.4. G-N-MWCNTs-Polystyrene composite (solution method) in THF (4-3): 
To G-N-MWCNTs (10 mg) was added polystyrene (1 g) and THF (10 mL) and the 
mixture was sonicated to suspend G-N-MWCNTs into polystyrene solution. A thin 
film was casted onto a glass slide, which was analyzed by optical microscopy and 
SEM. 
 
 
 
4.5.5. KMnO4 oxidized G-N-MWCNTs-polystyrene composite (solution method) in 
THF (4-4): 
To KMnO4 oxidized G-N-MWCNTs (2-70) (50 mg) was added polystyrene (1 g) and 
THF (10 mL) and the mixture was sonicated to suspend oxidized N-MWCNTs into 
polystyrene solution. A thin film was cast onto a glass slide, which was analyzed by 
SEM. 
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4.5.6. KMnO4 oxidized G-N-MWCNTs-polyethylene composite in xylene (4-5): 
Saran wrap (polyethylene) (0.5 g) was stirred and heated at 150 °C to dissolve in 
xylene (10 mL). To the solution was added KMnO4 oxidized G-N-MWCNTs (2-70) 
(35 mg). A thin film was casted onto a glass slide, which was analyzed by SEM. 
 
4.5.7. KMnO4 oxidized G-N-MWCNTs-poly(methyl methacrylate) composite in 
THF (4-6): 
To KMnO4 oxidized G-N-MWCNTs (2-70) (25 mg) was added PMMA (0.5 g) and 
THF (5 mL) and the mixture was sonicated to suspend oxidized N-MWCNTs into 
PMMA solution. A thin film was casted onto a glass slide, which was analyzed by 
SEM. 
 
4.5.8. G-N-MWCNTs-poly(methyl methacrylate) composite in THF (4-7): 
To G-N-MWCNTs (25 mg) was added PMMA (0.5 g) and THF (5 mL) and the 
mixture was sonicated to suspend N-MWCNTs into PMMA solution. A thin film was 
cast onto a glass slide, which was analyzed by SEM. 
 
4.5.9. As-prod-N-MWCNTs-poly(methyl methacrylate) composite in THF (4-8): 
To As-prod-N-MWCNTs (25 mg) was added PMMA (0.5 g) and THF (5 mL) and the 
mixture was sonicated to suspend N-MWCNTs into PMMA solution. A thin film was 
cast onto a glass slide, which was analyzed by SEM. 
 
 
 
4.5.10. General procedure for cracking polymer composites and preparation of 
samples for SEM analysis: 
Thin film of CNT-Polymer composite on glass slide was cracked in liquid N2 and 
analyzed by SEM with the film still on glass. A piece of this glass was glued to 
carbon tape already placed on SEM holder. The samples were Au coated prior to 
analysis. 
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4.5.11. KMnO4 oxidized G-N-MWCNTs-poly(methyl methacrylate) composite in 
THF on Cu grid (4-9): 
To KMnO4 oxidized G-N-MWCNTs (2-70) (25 mg) was added PMMA (0.5 g) and 
THF (5 mL) and the mixture was sonicated to suspend oxidized N-MWCNTs into 
PMMA solution. A drop of composite was directly loaded onto Cu grid for SEM, 
STEM and TEM analysis and Cu grid was Au coated prior to analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Aman Preet Kaur 2013 
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Chapter 5 
N-MWCNT-derived materials as negative electrodes in lithium ion batteries  
 
5.1. Overview 
The commercialization of lithium ion batteries (LIBs) in early 1990s by Sony was a 
breakthrough in mobile energy technology. These batteries have become the most 
used portable source of mobile energy of the century[134-136].  However, the 
delivery of high energy/power density to meet escalating requirements of evolving 
new technologies[137, 138] remains a significant challenge. In collaboration with 
colleagues Prof. Y. T. Cheng and Dr. J. C. Li, at UK Chemical and Material 
Engineering, the performance of G-N-MWCNTs and functionalized N-MWCNTs for 
energy storage in LIBs is evaluated. Attention is paid to investigate the effect of 
microstructure and morphology of these materials on Li storage capacity.  
 
5.2. Introduction 
5.2.1. Electrochemical energy storage 
When an electrochemical system is connected to an external source, a finite charge q 
is stored. The system converts the electric energy into the stored chemical energy 
during the charging process. When the system is connected to an external resistive 
circuit, it releases the finite q and drives a current through the external circuit. The 
system then converts the stored chemical energy into electric energy in the 
discharging process. 
 
Based on the mechanism of energy storage, electrochemical energy storage systems 
can be classified as: capacitors, batteries and fuel cells. Batteries store energy in 
chemical reactants capable of generating charge, whereas electrochemical capacitors 
store energy directly as charge. In fuel cells, reactant is a fuel and its chemical energy 
is converted into electricity through a chemical reaction with oxygen or another 
oxidizing agent. A battery is composed of a positive electrode and a negative 
electrode separated by a porous separator immersed in an ionically conducting and 
electronically insulating electrolyte. The chemical driving force is due to the 
difference in the chemical potentials of the two electrodes, which can be expressed as 
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the Gibbs free energy change per mole of reaction, ΔG. The electrostatic energy per 
mole of an electrically charged species is nFE, where E is the voltage between the 
electrodes, F is the Faraday constant and n is the number of electrons involved (n=1 
for Li ions). Hence under open-circuit conditions, the theoretical voltage of a cell is 
given:  
                                              ΔG = -nFE                                                            
 
5.2.2. Lithium ion batteries (LIBs) 
Development in the phenomenon of intercalation during 1970-80s, lead to the 
discovery of LIBs[137]. The idea was to substitute the negative and positive 
electrodes with host materials that can accommodate (release) Li ions in (from) the 
structure. Use of Li insertion compounds as negative electrodes overcame the 
limitations of periodic dissolution and deposition, extensive shape changes and side 
reactions with electrolyte associated with cycling of metallic Li[137]. The commonly-
used negative electrode materials of LIBs mainly include different types of 
graphite[139], Si[140], Sn[140], Ge[141], TiO2[142], and their alloys or composites. 
In Table 5-1, key characteristics of some of the commonly used active materials in 
negative electrodes are listed.  
 
Table 5-1 Commonly used negative electrode materials[139, 143]. 
Negative electrodes in LIBs 
Reduced form Oxidized form E(Li/Li
+
) (V) q (mAh g
-1
) (theoretical) 
Li Li
+
 0.00 3861 
Graphite based materials 
LiC6 graphite 0.10 372 
LiC12 graphite 0.13 186 
LiC18 graphite 0.22 124 
Alloys 
LiAl Al 0.35 993 
Li22Sn5 Sn 0.42-0.66 994 
Li3Sb Sb 0.90 660 
Li21Si5 Si 0.30 4000 
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The positive electrode materials are either layered-type lithium metal oxides[144-146] 
or olivine and spinel-type lithium metal phosphates, silicates or oxides[145, 146]. 
Table 5-2 lists characteristics of some positive electrode materials. During operation, 
the electrolyte transports lithium ions between the two electrodes. The electrolyte is 
usually composed of one or more solvents (Table 5-3) and one or more salts (Table 5-
4) which dissociate and provide ions. 
Table 5-2 Commonly used positive electrode materials[147].   
Positive electrodes in LIBs 
Reduced form Oxidized form E(Li/Li
+
) (V) q (mAh g
-1
) (theoretical) 
Layered compounds 
LiTiS2 TiS2 1.5-2.4 239 
Li3V2O5 V2O5 2.0-3.5 442 
LiCoO2 LixCoO2 3.5-4.2 274 
LiNiO2 LixNiO2 3.5-4.2 274 
LiMnO2 LixMnO2 3.5-4.2 285 
Li(NiMnCo)O2 Lix(NiMnCo)O2 3.0-4.5 274 
Spinels and Olivines 
LiMnO4 LixMnO4 3.0-4.0 213 
LiFePO4 FePO4 3.4 170 
 
Table 5-3 Common solvents used in electrolytes in LIBs[148].   
Solvent Tm (°C) Tb (°C) η (cP) ε 
EC 36.4 248 1.90
(a)
 89.8 
PC -48.8 242 2.50 64.9 
DMC 4.6 91 0.59 3.1 
DEC -74.3 126 0.75 3.1 
EMC -53 110 0.65 2.9 
Tm is melting temperature, Tb is boiling temperature, η is viscosity in centipoise measured at 25 °C, 
((a) measured at 40 °C) and ε is the relative dielectric constant. EC stands for ethylene carbonate, PC 
for propylene carbonate, DMC for dimethyl carbonate, DEC for diethyl carbonate and EMC for ethyl 
methyl carbonate. 
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Table 5-4 Common salts used in electrolytes in LIBs[148]. 
Salts σ (mS cm-1) 
PC EC:DMC 
LiBF4 3.4 4.9 
LiPF6 5.8 10.7 
LiAsF6 5.7 11.1 
LiClO4 5.6 8.4 
σ is specific conductivity of salts in indicated solvents. 
 
5.2.3. Terms and parameters in use 
The energy contained in an electrochemical system is the integral of the voltage (V) 
multiplied by the charge capacity, i.e., the amount of charge (q) available.  
   ∫    
 
Usually the energy stored is expressed in watt-hours. The mathematical relationship 
for capacity (q) (amp-hours (Ah)) is the product of current and time. 
      
  
 The watt-hours (Wh) stored in a battery is approximated by multiplying the rated 
amp-hours by the voltage. 
        
 
The terms specific energy (Wh/kg) and specific power (W/kg) are defined as the 
energy and power available per unit weight respectively. The amount of energy stored 
per unit volume is called the energy density (Wh/liter) and power per unit volume is 
power density (W/liter). The characteristics of a battery are often graphically 
illustrated using Ragone plots (named after D.V. Ragone)[149], in which the specific 
power is plotted against the specific energy.  
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Cycle life is the number of times a device can be effectively recharged before its 
performance degrades (the capacity has not diminished significantly). Coulombic 
efficiency is defined as the ratio of charge capacity to discharge capacity for a cycle.  
 
                          
         
            
     
 
A term that is often used to indicate the rate at which a battery is discharged is the C-
rate. The discharge rate of a battery is expressed as C/R, where C is capacity and R is 
the number of hours required to completely discharge its nominal capacity. For 
example, if a cell has a nominal capacity of 5 Ah and discharges at the rate of C/10 (it 
discharges completely in 10 h), then the current available is 0.5 A. If the discharge 
rate is C/5, the discharge current is 1 A. It is important to consider the same C-rate 
while comparing the behavior of different materials and electrodes. 
 
5.2.4. Carbon materials as negative electrodes for LIBs 
For a long time, graphite powder was used as the negative electrode in rechargeable 
LIBs[150, 151]. Electrodes made of nanostructured materials could potentially 
increase the rate of Li insertion/removal and improve battery performance, as these 
materials can mitigate changes in volume associated with many other active electrode 
materials[152-154]. This leaves an opportunity for CNTs, with properties including 
high aspect ratio, channels for lithium ion intercalation and excellent conductivity 
(electrical and thermal)[155], to be considered as potential candidates in electrode 
research. There have been numerous reports evaluating the use of CNTs in LIBs[156-
164]. Freestanding CNT paper acts as both active material and current collector, and 
in addition it offers low weight, flexible geometry and high temperature stability, each 
of which is necessary for specific applications[157, 165]. CNTs could be strategically 
used as conductive additives to establish an electrical percolation network in 
composite electrodes, with lower weight loadings when compared to conventional 
carbon additives. For example with SWCNTs, mass loadings of just 0.2% w/w can 
achieve a comparable conductivity as with spherical particles[166]. MWCNTs when 
used as an additive with LiCoO2, LiFePO4 and LiNi0.7Co0.3O2 cathodes, show ~10% 
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improvement in the reversible capacity compared to carbon black counterparts[167, 
168]. 
        
Li ion capacity in CNTs results from intercalation of Li ions between the MWCNT 
layers or in the interstitial sites of close-packed SWCNT bundles, and also from 
effective diffusion into stable sites located on the nanotube surface and/or inside 
individual nanotubes through endcap or sidewall openings[169-171]. Lin et al. 
concluded that Li
+
 diffuses much faster into MWCNTs based on the diffusion 
coefficient value calculated from results of impedance and chronoamperometery 
techniques[172]. They found that Li
+
 diffuses or intercalates mainly the graphite 
layers, accounting for reversible capacity. The corresponding irreversible capacity 
results from Li
+
 diffusing into the hollow core of the MWCNTs or the pores formed 
by entangled nanotubes. Calculations also proposed a curvature-induced lithium 
condensation inside the core of the nanotubes[173]. Liu et al. observed lithiation of 
the individual MWCNTs by in situ TEM experiments, and reported lithiation-induced 
embrittlement which they attributed to the combined effects of mechanical and 
chemical weakening of C-C bonds by Li insertion, as well as the tensile hoop 
prestress[174]. Factors that influence the mechanism of Li insertion into a specific 
material are morphology, porosity and chemical composition. 
 
Various modifications have been made to improve electrochemical performance of 
CNTs.  Chemical etching in acid solution[175], dicing longer tubes to short segments 
(~200 nm)[176], short tubes from direct growth[177], and the use of vertically aligned 
CNTs[178] have all led to increased reversible capacity. CNT arrays and their 
composites show good capacity, excellent rate performance and long cycle life when 
used as electrode materials[179-181]. Elemental doping of CNTs has been also a 
recent tactic to improve electrochemical performance[182, 183]. 
 
Doping CNT anodes with heteroatoms influences the Li
+
 storage capacity for LIBs. 
N-MWCNTs have been investigated as anodes and have shown reversible capacity 
from 135-494 mAhg
-1
[67, 165, 184-188]. A higher reversible capacity is attributed to 
the incorporation of graphitic or pyridinic N-atoms that facilitate higher electrical 
conductivity and more defect sites for Li
+
 storage[67, 165, 188, 189]. In this chapter 
we investigated G-N-MWCNTs, SCNs, SCNs-300, SCNs-2500. 
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5.2.5. Electrochemical techniques for LIB research 
Half-cells are usually used for conducting fundamental research on LIB electrodes. A 
half cell is a cell with a single electrode (either positive or negative) as the working 
electrode (WE) and pure lithium metal as the counter electrode (CE) and also as the 
reference electrode (RE), whose electrochemical potential does not change and is set 
to zero. The performance of carbon is generally evaluated with the help of Li/C cells. 
Thus, carbon is positive electrode of the cells and Li intercalation is the discharge 
process, whereas it is the charge process in C/MO cells (real battery). The WE is 
composed of a mixture of active material (carbon), polymeric binder and often, 
carbon black. The role of carbon black is to increase the conductivity and the 
wettability of the electrode by the electrolyte. Electrochemical systems are usually 
evaluated using cyclic voltammetry and galvanostatic cycling. 
 
Cyclic voltammetry: 
In cyclic voltammetry the potential is swept towards a maximum and then returned to 
a minimum linearly. The procedure can be repeated (cycled) many times. During such 
experiments, the current is recorded as function of the potential and, in general, the 
shape of the I-V curve depends on the sweep rate.  
 
Galvanostatic cycling: 
In galvanostatic cycling experiments, the current intensity is imposed and kept 
constant. The potential is recorded as function of the total charge passed through the 
system. The sign of current intensity is changed once a maximum or a minimum 
potential difference is reached. The information obtained from galvanostatic cycling 
can be plotted in three ways, namely potential-capacity profile, differential potential-
capacity profile, and cycling performance. Many examples are presented in this 
chapter. We can obtain information about phase transformations in electrodes, rate 
performance, potential range for practical use, cycle life and coulombic efficiency for 
LIBs from galvanostatic cycling. 
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5.3. Results and discussion 
 
The materials being investigated are: 
1. G-N-MWCNTs 
2. Spiraled carbon nanoribbons (SCNs) 
3. Spiraled carbon nanoribbons annealed @ 300 °C (SCNs-300) 
4. Spiraled carbon nanoribbons annealed @ 2500 °C (SCNs-2500) 
 
5.3.1. Characterization of materials 
Following the process described in chapter 2, SCNs were synthesized by 
KMnO4/H2SO4 oxidation of G-N-MWCNTs. Annealing at 300 °C (SCNs-300) (5-1) 
was used to remove the oxygen-containing functional groups. In addition, annealing 
the material at 2500 °C (SCNs-2500) (5-2) makes the carbon more graphitic. TGA 
plot of SCNs (Figure 5-1, curve green) showed considerable low-temperature weight 
loss (~55%) compared to G-N-MWCNTs (Figure 5-1, curve black). Also, the onset 
temperature of oxidation of remaining disordered carbon is shifted to a much lower 
temperature. In case of SCNs-300 (Figure 5-1, curve blue), there is almost no low-
temperature weight loss. So the treatment was able to remove almost all of the 
oxygen-containing functional groups. The remaining disordered carbon is not 
significantly affected and the onset temperature is almost the same as for SCNs 
(Figure 5-1, curves green and blue). But, in the TGA of SCNs-2500 (Figure 5-1, 
curve red), there is not only almost zero low-temperature weight loss, but also the 
onset temperature of oxidation is very similar to the G-N-MWCNTs, which suggests 
that remaining carbon had been annealed back to a nearly graphitic state. 
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Figure 5-1 TGA plot comparing G-N-MWCNTs (black), SCNs (green), SCNs-
300 (blue) and SCNs-2500 (red). 
 
 
Figure 5-2 XRD plot comparing G-N-MWCNTs (black), SCNs (green), SCNs-
300 (blue) and SCNs-2500 (red). 
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XRD (Figure 5-2) is used to evaluate crystalline structure of the materials. Starting 
tubes have 2θ values of ~26.18˚ (Figure 5-2, curve black). This corresponds to an 
average d002 spacing of 3.4 Å, exhibiting a high degree of graphitization. However, 
after oxidation (conversion to SCNs), the average d002 spacing increased to 8.77 Å 
(Figure 5-2, curve green). This is a more graphite oxide-like structure[97]. In SCNs-
300, rapid heating of the SCNs causes violent formation of volatile gaseous species 
from oxygen-containing functionalities, forcing apart the adjacent graphene layers 
and producing a highly disordered material. Hence no distinct peak corresponding to a 
d002 spacing (Figure 5-2, curve blue) is observed, other than a small broad peak 
around 3.4 Å. But, the 2500 °C treatment reverses oxidation by thermally desorbing 
all the covalently attached species and repairing the defects. XRD (Figure 5-2, curve 
red) confirms the remarkable recovery of graphitic structure with an average d002 
spacing of 3.39 Å. 
 
 
Figure 5-3 STEM of (a) G-N-MWCNTs, (b) SCNs, (c) SCNs-300 and (d) SCNs-
2500.  
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Figure 5-3 and 5-4 respectively represent STEM and TEM of the four materials under 
discussion. Figure 5-3(a) represents STEM of starting tubes, G-N-MWCNTs and 5-
3(b) of SCNs. Upon annealing of SCNs at 300 °C, the material has a wrinkled texture 
(Figure 5-3(c)). Rapid heating of the SCNs at 300 °C forces the adjacent graphene 
layers to move apart, giving rise to the texture seen in Figure 5-3(c). As mentioned 
earlier, SCNs are highly mesoporous (Chapter 3, Figure 3-12). Prior to calculation of 
pore size distribution and surface area using BET model, the material is degassed at 
300 °C. SCNs, now SCNs-300, have a wrinkled texture and these wrinkles on the 
surface, as seen in Figure 5-3(c), are the new mesopores. Annealing of SCNs at 2500 
°C, gives rise to a new texture (Figure 5-3(d)) that became more clear when analyzed 
by TEM. 
 
Figure 5-4 TEM of (a) G-N-MWCNTs, (b) SCNs, (c) SCNs-300 and (d) SCNs-
2500. 
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Figure 5-4(a) shows a TEM image of G-N-MWCNTs and Figure 5-4(b) is for SCNs. 
SCNs-300 (Figure 5-4(c)) looked rumpled with highly distorted graphene planes. The 
inset shows no sign of any ordering of layers. The original texture of SCNs is still 
retained, but the material looks exfoliated. TEM (Figure 5-4(d) of the material 
annealed at 2500 °C showed an interesting morphological transformation. It exhibits a 
stacked cone type texture that may be formed by the healing[127, 133] of the open 
subunits that compose SCNs. Another feature of the SCNs-2500 is the formation of a 
loop between neighboring conical sheets (inset, shown by arrow). The carbon looks 
more ordered and the interlayer spacing is also retained. 
 
5.3.2. Electrochemical performance 
G-N-MWCNTs 
The morphology of WEs consisting of G-N-MWCNTs as the active materials is 
shown in Figure 5-5. The white particles are the NaCMC binder. After coating and 
drying, the G-N-MWCNTs form a uniform, interconnected layer with no obvious 
orientation preference. 
  
 
Figure 5-5 SEM image of working electrode.  
Figure 5-6(a) compares the galvanostatic potential-capacity profiles of lithiation and 
de-lithiation of G-N-MWCNTs at the 1
st
, 2
nd
, and 70
th
 cycle. The cycling rates are 
C/10 for 1
st
 and 2
nd
 cycles, and C/5 for 70
th
 cycle. In this work, the C rate is calculated 
based on the theoretical capacity of graphite (372 mAh g
-1
). Hence a rate of C/10 
corresponds to a current (37 mA g
-1
) necessary to (dis)charge the full theoretical 
capacity within 10 h. The first cycle for G-N-MWCNTs (Figure 5-6(a)) is 
characterized by a discharge capacity (C1st) of 503 mAh g
-1
 and a charge capacity of 
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345 mAh g
-1
 (Crev-1st).
 
The loss of capacity, known as irreversible capacity, is 158 
mAh g
-1
 (Cirrev-1st). Crev-1st of G-N-MWCNTs under C/10 is lower than the theoretical 
reversible capacity of graphite but similar to its practical capacity. Cirrev-1st is mainly 
due to the irreversible formation of a solid-electrolyte interphase (SEI)[190] layer on 
the electrode surface. The electrochemical potential range for SEI formation is more 
clear in differential potential-capacity profile, as shown in Figure 5-6(b). Comparing 
the discharge (lithiation) curves at 1
st
 and 2
nd
 cycle, SEI formation on G-N-MWCNTs 
occurs mainly in the range of 1.0 to 0.1 V vs. Li/Li
+
; the peak around 0.7 V (inset 
Figure 5-6(b)). This is consistent with observed potential range for SEI formation on 
carbonaceous materials[143]. SEI is formed nearly completely during 1
st
 lithiation 
and does not decompose readily. After the 1
st
 lithiation, the electrochemical 
performance of G-N-MWCNTs is so stable that the potential-capacity profiles of de-
lithiation at 1
st
 and 2
nd
 cycles overlap with each other (Figure 5-6(b)).  
 
 
Figure 5-6 (a) Constant current potential-capacity profile; (b) Differential 
potential-capacity profile of Li in G-N-MWCNTs at selective cycles. 
The mechanism of lithiation and de-lithiation of G-N-MWCNTs can be drawn from 
differential capacity profiles (Figure 5-6(b)). It is known that the existence of voltage 
plateaus correspond to transitions between different single phases and the end points 
of the plateaus give the composition.  In G-N-MWCNTs, three reduction peaks 
(0.180V, 0.100V, and 0.075V) and the corresponding oxidation peaks (0.192V, 
0.134V, and 0.097V) occur at potentials similar to known processes in graphite 
electrodes[139]. These follow a reaction mechanism shown below: 
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This suggests that G-N-MWCNTs have a structure that is primarily well-stacked and 
as ordered as graphite. G-N-MWCNTs also show a very stable reversible capacity 
upon extended cycling, as shown in Figure 5-7(a). The reversible capacity of 336 
mAh g
-1 
for the 11
th
 cycle shows essentially no decrease up to 70 cycles under a 
cycling rate of C/5. The capacity remains above 300 mAh g-1 after 300 cycles under 
an accelerated cycling rate of C/2. Coulombic efficiency upon extended cycling is 
greater than 99.9% (Figure 5-7(b)). High coulombic efficiency is needed by advanced 
LIBs for electric vehicles (EVs) whose cycle life is required to be as long as 5000 
cycles.  
 
Figure 5-7 Constant current cycling performance of G-N-MWCNTs/Li half cells; 
(a) specific discharge/charge capacities (b) coulombic efficiency. 
 
The constant current cycling performance of G-N-MWCNTs under different rates is 
summarized in Figure 5-8. The reversible capacity of G-N-MWCNTs is 348, 340, 
322, and 287 mAh g
-1
 for cycling rate of C/10, C/5, C/2, and 1C respectively. 
However, when the cycling rate goes up to 2C, the capacity is only 180 mAh g
-1
. It 
also
 
drops to lower than 100 mAh g
-1
 at rates faster than 5C. This indicates that the 
performance of G-N-MWCNTs at high rates is not ideal. But, this material can be 
used at rates of 1C, which is practical for low power applications. Reducing the 
average length of G-N-MWCNTs and thus the mean diffusion distance for lithium 
could possibly enhance the performance of the anodes at a higher rate.  
 

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Figure 5-8 Rate performance of G-N-MWCNTs. C rates are calculated based on 
the theoretical capacity of graphite. 1C refers to a specific current of 372 mA g
-1
. 
Table 5-5 presents an overview of materials that are either MWCNTs or N-MWCNTs 
and their electrochemical performance. All the materials listed are produced by CVD 
method, but the recipe in each case is different including differences in hydrocarbon 
source and conditions. If we compare the initial reversible capacities, it is apparent 
that there is considerable variation among each material and also from theoretical 
capacity of graphite. Although this may not be considered as a thorough comparison 
since these materials are cycled at different rates, it gives an overall picture of their 
performance as negative electrodes for LIBs. The difference in behavior suggests that 
lithium ion storage in these materials depend strongly on crystallinity, microstructure 
and morphology of the materials. Another important battery parameter is efficiency, 
and these materials do not show a good cycling and coulombic efficiency except the 
last two entries. A recent report[67] on N-MWCNTs as negative electrodes 
demonstrated much higher capacity of 494 mAh g
-1
 with a capacity of 397 mAh g
-1
 in 
the 100
th
 cycle. So, the overall efficiency is 80% after 100 cycles when cycled at a 
relatively high current density of 100 mA g
-1
.
 
The authors attributed the improved 
performance to high concentration of nitrogen (16.4 at.%) in carbon nanotubes 
facilitating higher electrical conductivity and more defect sites in anodes providing 
more Li
+
 storage in electrochemically active locations. G-N-MWCNTs we have 
studied retain 93% of the initial reversible capacity even after 300 cycles. This is at a 
higher rate (185 mA g
-1
) than reported (100 mA g
-1
) by Li et al.[67]. 
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Table 5-5 Electrochemical performance of CNTs.   
Material Current 
density  
(mA g
-1
) 
First reversible 
capacity  
(mAh g
-1
) 
Cycle 
number 
Remaining 
capacity  
(mAh g
-1
) 
MWCNTs[160] 17 447 5 273 
MWCNTs[191] 10 300 20 260 
MWCNTs[162] 50 250 80 220 
MWCNTs[172] 20 700 6 150 
N-MWCNTs[184] 37 480 30 420 
N-MWCNTs[187] 75 230 10 131 
N-MWCNTs[188] 17 270 30 ~ 270 
N-MWCNTs[67] 100 494 100 397 (80%) 
G-N-MWCNTs 
(this work) 
185 322 300 300 (93%) 
 
Annealing of N-MWCNTs removes nitrogen as suggested by XPS (Figure 2-10(d)) 
and EELS (chapter 2). These results establish that contrary to the explanation 
ventured by Li et al.[67], nitrogen has little or no role to play in the high stability 
observed in the electrochemical performance of our material. The morphology and 
microstructure of G-N-MWCNTs is likely to be responsible for the observed 
electrochemical characteristics. 
  
Structure of G-N-MWCNTs after cycling 
In order to examine stability of the material after electrochemical tests, ex-situ TEM 
and Raman spectroscopy are conducted on dissected coin cell electrodes. A TEM 
image of G-N-MWCNT after 80 cycles, shown in Figure 5-9(a), suggests that G-N-
MWCNTs retain their original layered structure. There is no evidence of mechanical 
degradation or surface damage. A uniform 15 nm layer of SEI is formed on the 
surface. 
 
Ex-situ Raman spectra of G-N-MWCNTs before and after 50 cycles are shown in 
Figure 5-9(b). The average ID/IG ratio is 0.34 after 50 cycles, similar to the 0.37 ratio 
observed before cycling. Raman spectroscopy also indicates that the structure of G-N-
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MWCNTs is stable and does not change significantly during extended 
electrochemical cycling. As suggested by Raman and XRD (Figure 2-10(b) and (c)), 
annealing at 2800 °C resulted in a more graphitic material. Although the exact 
structural changes are still not clear, graphitization seems to ensure better stability of 
the structure in extended cycling and thus providing a better cycle life[192]. 
 
 
Figure 5-9 (a) Ex-situ TEM image of G-N-MWCNT after 80 cycles. (b) Ex-situ 
Raman spectra of G-N-MWCNTs before cycling and after 50 cycles. 
The results indicate that the electrochemical performance of G-N-MWCNTs is similar 
to that of graphite. This suggests that the microstructure of as-produced N-MWCNTs 
evolve progressively towards a graphite microstructure when they are treated at a high 
temperature (up to 2800 °C) to produce G-N-MWCNTs. 
 
SCNs 
Figure 5-10(a) shows discharge-charge curves for cycles 1, 2 and 10 at a current rate 
of C/10 for SCNs. The first cycle for SCNs is characterized by a very high discharge 
capacity (C1st) of 1700 mAh g
-1
,
 
a charge capacity of 980 mAh g
-1
 (Crev-1st) and a 
irreversible capacity of 720 mAh g
-1
 (Cirrev-1st). The potential profile differs 
considerably from graphite[139] and G-N-MWCNTs with respect to curve slopes, 
without considerable plateaus with a charge/discharge voltage hysteresis. The 
behavior is similar to graphitizing (soft) and non-graphitizing (hard) carbons prepared 
below 900 °C that show very high specific charges and exhibit a hysteresis[143]. The 
extent of the hysteresis is proportional to the hydrogen content in the carbon. The 
attachment of Li starts from 3.0 V in the first cycle. The charge capacity is 2.6 times 
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that of the theoretical capacity of graphite (372 mAh g
-1
), suggesting existence of 
other storage mechanisms in SCNs. It has been reported that oxygen-containing 
functional groups induce the formation of a much stable, chemically bonded SEI, 
resulting in loss of capacity during first few cycles[193].  
  
Figure 5-10 (a) Constant current potential-capacity profile; (b) Differential 
potential-capacity profile of Li in SCNs at selective cycles. 
 
To get better insights, we plotted the differential capacity plot. The differential 
capacity vs. voltage plots of SCNs (Figure 5-10(b)) show a considerable capacity 
between 3-1.0 V in the first cycle in SCNs, which contributes the most to Cirrev-1st. 
Oxidation induces different types of oxygen-containing functional groups like, 
carboxyl, hydroxyl, carbonyl, epoxide, ether, lactone etc. These functional groups can 
react with Li ions during the first Li intercalation process to form -COOLi, -OLi etc. 
Peled et al.[193] proposed that these can be bonded to the solvent reduction products, 
e.g., Li2CO3, to form a chemically bonded SEI. Clearly, the reaction of Li ions with 
the functional groups during the first Li intercalation is an irreversible reaction 
resulting in a considerable loss of capacity in the first cycle[194]. The plot lacks any 
distinguishable peak around 0.7 V, which is usually the observed potential for SEI 
formation on carbonaceous materials[143]. The capacity below 0.75 V can be 
attributed to intercalation of Li into graphene layers[194]. The potential-capacity 
profile shows hysteresis and Li is de-inserted at higher potentials. The two oxidation 
peaks at 1.5 V and 2.5 V may be because of de-insertion of Li and it appears that Li 
has been removed from two different environments. Shenoy etal.[195] studied the 
lithiation of graphene oxide (GO) as a function of O-coverage using first-principles. 
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They observed that in GO with oxygen content 12.5 %, Li atoms can attach both by 
forming bonds with oxygen atoms and by forming LiC6. The combined lithiation 
mechanism allows greater potential and capacity (approximately twice that of 
graphite). Recent studies have shown that carbonyl groups can be reduced by Li
+
 and 
reversibly oxidized in the voltage range from 3.5 to 1.5 V vs. Li, in aromatic carbonyl 
derived materials such as poly(2,5-dihydroxy-1,4-benzoquinone-3,6-methylene)[196] 
and Li2C6O6[197]. So, a high charge capacity in SCNs is probably due to attachment 
of Li to both oxygen and carbon atoms. In order to confirm the role functional groups 
in providing high capacity, SCNs were compared to SCNs-300. 
 
SCNs-300 
As mentioned earlier, the treatment successfully removes almost all of the oxygen-
containing functional groups. Figure 5-11(a) represents discharge-charge curves for 
cycles 1, 2 and 10 at a current rate of C/10 for SCNs-300. Surprisingly, the first cycle 
for SCNs-300 is also characterized by a very high discharge capacity (C1st) of 1700 
mAh g
-1
,
 
a charge capacity of 880 mAh g
-1
 (Crev-1st) and a irreversible capacity of 820 
mAh g
-1
 (Cirrev-1st). The potential curve slopes without considerable plateaus with a 
charge/discharge voltage hysteresis. But the potential profile differs from SCNs in 
terms that there is almost no capacity in 3.0-1.0 V range. A considerable loss of 
capacity in the first cycle is therefore not because of the functional groups. This again 
is consistent with the expected result of heat treatment at 300 °C.  
 
 
Figure 5-11 (a) Constant current potential-capacity profile; (b) Differential 
potential-capacity profile of Li in SCNs-300 at selective cycles. 
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The differential capacity vs. voltage plots of SCNs-300 (Figure 5-11(b)) clearly 
differs from that of SCNs (Figure 5-10(b)). It lacks a capacity between 3-1.0 V, which 
contributes mainly to Cirrev-1st in the first cycle in SCNs and the two distinguishable 
peaks at 1.5 and 2.0 V seen in SCNs. Hence functional groups have no role in either 
Crev-1st or Cirrev-1st in SCNs-300. But there is a huge capacity at around 0.8 V in SCNs-
300 that contributes to Cirrev-1st, the observed potential for the formation of SEI in 
carbonaceous materials[143]. Thus the nature of SEI in both materials is different, 
one being chemically bonded and the other one being regular SEI formed in most 
carbonaceous materials in first cycle in organic electrolytes. 
 
The main attraction of SCNs and SCNs-300 is that the reversible capacity of the 
electrodes is found to be very high and quite stable even after extended cycling; 530 
mAh g
-1 
after 250 cycles in SCNs (Figure 5-12(a)) and 500 mAh g
-1 
after 350 cycles 
in SCNs-300 (Figure 5-12(b)), both higher than theoretical capacity of graphite. 
Although the coulombic efficiency is low for the first cycle (56 % for SCNs and 51 % 
for SCNs-300), after stabilization of capacity in few cycles (35 for SCNs and 50 for 
SCNs-300), the overall coulombic efficiency is good (99.5 % for SCNs and 98.5 % 
for SCNs-300). It is still lower than the excellent coulombic efficiency seen in G-N-
MWCNTs. The rate capability of the materials is shown in Figure 5-13. At a high 
charging/discharging rate of 2 C, SCNs (Figure 5-13(a)) show a reversible capacity of 
~400 mAh g
- 1
. SCNs-300 (Figure 5-13(b)) show a reversible capacity of ~300 mAh 
g
- 1
 at much faster rate of 5 C. 
 
 
Figure 5-12 Constant current cycling performance (a) specific discharge/charge 
capacities and coulombic efficiency of SCNs/Li half cells; (b) specific 
discharge/charge capacities and coulombic efficiency of SCNs-300/Li half cells. 
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Figure 5-13 Rate performance of (a) SCNs and (b) SCNs-300. 
 
The performance of both the materials, SCNs and SCNs-300, is better than graphite 
and G-N-MWCNTs. Table 5-6 lists some of the high capacity carbon materials. These 
include SWCNTs, porous carbons, carbon fibers, spheres and nanocages. The 
reported high capacity for MWCNTs is from graphene nanoribbons obtained by 
unzipping MWCNTs by permanganate oxidation, with a reversible capacity of 800 
mAh g
-1
. 
 
Table 5-6 High capacity carbon materials.   
Material Current density 
(mA g
-1
) 
First reversible 
capacity (mAh g
-1
) 
Cycle 
number 
Remaining 
capacity (mAh g
-1
) 
SWCNTs[198] 50 942 60 150 
Ordered mesoporous 
carbon[199] 
50 3083 50 500 
Hierarchical porous 
carbon[200] 
75 1500 40 500 
Carbon 
nanofibers[201] 
100 680 25 260 
Carbon spheres[202] 50 950 135 400 
Carbon 
nanocages[203] 
100 1050 50 520 
Oxidized graphene 37 1400 15 490 
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nanoribbons[204] 
 SCNs (this work) 37 1700 250 530 
 
SCNs-300 (this work) 37 1700 350 500 
 
 
Several mechanisms have been proposed to explain high capacity of certain materials. 
Peled et al.[205] suggested that the extra capacity gained upon mild oxidation of 
graphite is due to the accommodation of Li at the zigzag and armchair faces between 
two adjacent crystallites, and in the vicinity of defects. According to Xiang and co-
workers[206], the role of the edges of carbon layers is essential for enhanced battery 
performance. Sato et al.[207] proposed that in addition to the regular site occupation 
leading to LiC6, Li molecules (Li2) will also occupy nearest neighbor sites in 
intercalated carbons. This conclusion was based on 
7
Li NMR measurements which 
showed two bands with chemical shifts of 10 and 0 ppm, attributed to regular 
intercalated Li and Li2 molecules respectively. Yata et al.[208] discussed the 
possibility of formation of LiC2 in carbons with high d spacing (4.0 Å). From X-ray 
diffraction and small angle X-ray scattering experiments,[209] it was proposed that 
lithium can be adsorbed onto internal surfaces of nanopores formed by single-layer, 
bi-layer and tri-layer groups of graphene sheets which are arranged like a `house of 
cards'. Yazami et al.[210] proposed the formation of lithium multilayers on graphene 
sheets. In porous carbons, the 3D network of pores provide favorable transport 
channels for Li insertion, hence high reversible capacity and superior rate 
performance[211]. Size of pore should be small to avoid the reaction of stored lithium 
with the electrolyte[212, 213]. In addition to microporosity, microtexture should also 
be regarded[214]. 
 
Explanation for enhanced performance 
Important structural features of the materials under study are tabulated in Table 5-7. 
This table is used as a guide to find key reasons for differences in reversible storage 
capacity we obtained from our material by different treatments. This would further be 
utilized to understand the Li storage mechanism.  
 
 
 124 
Table 5-7 Important structural parameters of materials being tested. 
Sample XRD  
(Figure 5-2) 
Raman  
(Figure 5-14) 
Surface area  
(Figure 5-15) 
TGA  
(Figure 5-1) 
 d spacing (nm), 
Lc (nm), 
no. of layers 
ID/IG,  
La (nm) 
area (m
2
/g), 
% meso 
porosity 
% low-temp. wt. loss, 
temp. of oxidative 
degradation 
G-N-M 
WCNTs 
 
0.34, 11, 34 0.13, 145 42, 51 ~ 0, 784 
SCNs 
 
0.87, 27, 31 1.06, 17.8 N/A  ~ 60, 590 
SCNs-300 
 
N/A 1.08, 17.4 266, 78 ~ 5, 562 
SCNs-2500 
 
0.34, 9, 27 0.11, 171 81, 57 ~ 0, 755 
  
 
Estimation on number of layers and Lc was calculated based on XRD data (Figure 5-
2). Scherrer equation is used in X-ray diffraction and crystallography to find the 
dimensions of the crystallite. The stacking length in the c-direction Lc, in carbon 
materials can be determined from the Bragg peak (002) by Scherrer formula[215]: 
 
    
    
     
 
 
Here, λ is X-ray wavelength, θ is Bragg angle and B is the line broadening at half the 
maximum intensity. The number of layers in c-direction is calculated by dividing Lc 
by spacing between the layers (d002). The degree of order of the layers within the 
materials was examined using Raman spectroscopy, shown in Figure 5-14. In G-N-
MWCNTs the ratio of intensities of D band to G band is 0.13, indicating that high-
temperature annealing reduces the defect density producing more perfect structure.  
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Figure 5-14 Raman analysis of G-N-MWCNTs (black), SCNs (green), SCNs-300 
(blue) and SCNs-2500 (red). 
 
KMnO4 oxidation of G-N-MWCNTs increased ID/IG ratio to 1.06. In SCNs-300, the 
ratio of intensities is similar to SCNs. The treatment is able to remove almost all the 
functional groups, but the degree of disorderness remains the same. The length in the 
a-direction, La, can be calculated from intensity ratio ID/IG[216]: 
    
   
  
 (
  
  
)
  
 
 
where El is the excitation energy of  the laser used in the Raman experiment in eV.  
Table 5-7 suggests that the microstructure of SCNs and SCNs-300 is different from 
G-N-MWCNTs. G-N-MWCNTs are highly ordered (Figure 5-4(a), inset), with d002 
spacing close to that of graphite, whereas SCNs and SCNs are disordered with ID/IG 
approximately ten times that of G-N-MWCNTs. The larger ID/IG ratio of SCNs and 
SCNs-300 in comparison to that of G-N-MWCNTs indicates more disorder, defects, 
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and smaller sp
2
 domains.  
 
The capacity of carbons is largely affected by crystallite size. Endo etal.[217] showed 
that the minimum capacity is obtained when Lc is of the order of 100 Å. For Lc>100 
Å, a classical intercalation process should occur, governed by the Lc value, as shown 
for example in the case of sulfuric acid intercalation[218]. On the other hand 
for Lc<100 Å, the occurrence of a different process of doping and undoping, namely 
the formation of covalent Li2 molecules which could act as a Li ion reservoir. 
Substantial disorder leads to a decrease in La and increase in the capacity. The 
increased number of edge sites at the periphery of the sp
2
 nanodomains and other 
defects are suggested to accommodate additional Li[88]. The crystallite dimensions 
change dramatically upon treatment of G-N-MWCNTs to form SCNs and SCNs-300 
(Table 5-7). In case of SCNs, Lc is increased ~2.4 times as d spacing increases from 
0.34 to 0.87 nm by the introduction of functional groups, although the number of 
layers are similar when compared to G-N-MWCNTs. While, La is decreased from 145 
to 18 nm in SCNs obtained from oxidation of G-N-MWCNTs. The value of La 
remains the same upon further treatment of SCNs to make SCNs-300. Hence we 
believe that the defects at edge sites of the nanodomains embedded in graphene 
nanosheets (formed as of reduction in La), whose existence is confirmed by Raman 
spectroscopy, is one of the reason for greatly enhanced reversible capacities observed 
in SCNs and SCNs-300.  
 
TEM image (Figure 5-4(b), inset shown by arrows) suggests that SCNs have a layered 
structure with new edges available in this new texture to bind additional Li. Thus, in 
SCNs the enhanced capacity is because of intercalation of Li in between the layers, 
Faradaic reactions at oxygen-containing functional groups, additional binding of Li to 
the new edges and defects at edge sites of the nanodomains. STEM and TEM (Figure 
5-3(c) and 5-4(c)) of SCNs-300 show that the material has a wrinkled morphology 
with highly distorted graphene planes. In order to account for similar ID/IG ratio in 
SCNs and SCNs-300, we think that (based on electron microscopy) that SCNs could 
have inner defects in the layered graphene structure whereas SCNs-300 have defects 
more in the form of surface defects. Hence the defect-based reversible storage of Li 
dominates in SCNs-300. Also, the large voltage hysteresis is related to these active 
defects. It may be possible that the breaking of the relatively strong bonds of Li with 
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the defects in charge processes requires higher voltages, thus resulting in the voltage 
hysteresis.  
 
 
 
Figure 5-15 Surface area isotherms, plots of incremental surface area vs. pore 
width and rescaled plots of incremental surface area vs. pore width for G-N-
MWCNTs (a, d and g), SCNs-300 (b, e and h), and SCNs-2500 (c, f and i) 
respectively. 
 
The porous structure and specific surface area of these materials are investigated by 
nitrogen isothermal adsorption using BET model (Figure 5-15). G-N-MWCNTs 
reveal a Type II isotherm (Figure 5-15(a)), which indicates that the material has very 
little microporosity and is mostly bulk surface area (42 m
2
/g). SCNs-300 (Figure 5-
15(b)), however, exhibit a Type IV isotherm with a well-defined capillary 
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condensation step between 0.50 and 0.45 P/Po, indicating formation of new 
mesopores. A plot of incremental surface area vs. pore size (Figure 5-15(e) and (h)) 
shows an additional peak at ~10 nm for these new mesopores, whereas there is no 
peak in the corresponding plot of G-N-MWCNTs (Figure 5-15(d) and (g)). The 
wrinkles seen in the STEM and TEM images on the surface of SCNs-300 are likely to 
be the new mesopores. The surface area increases to 266 m
2
/g and the material is ~ 
80% mesoporous. So, the huge irreversible capacity in first cycle of SCNs-300 is 
attributed to their high specific surface area.  
 
The rate performance of LIBs is limited by diffusion of Li ions[219, 220]. Pores 
formed by the increased interlayer spacing and edges in SCNs may be responsible for 
their improved rate performance compared to G-N-MWCNTs. The increased 
mesoporosity of SCNs-300 provides fast transport channels for the ions, largely 
reducing the diffusion length[221]. This improves their rate performance compared to 
G-N-MWCNTs and SCNs. 
 
We hypothesized that the texture of SCNs is formed by relative motion of thin 
graphite subunits (SEM, TEM and STEM) (roughly trapezoidal). So, the flexibility of 
the texture may act as buffer to the volume changes during the (dis)charging 
processes, provide enough stability to the electrode and hence better cycling stability 
and coulombic efficiency. The mesoporous structure permits excellent cycling 
stability by shortening diffusion lengths. But as of their negative effects, mesopores 
and defects are responsible for the low coulombic efficiency of SCNs-300 as 
compared to G-N-MWCNTs and SCNs. 
 
SCNs-2500 
The next material we tested is SCNs-2500. The treatment not only removes the 
functional groups but also anneals the carbon back to a graphitic form. It lacks both 
high discharge and charge capacity compared to SCNs and SCNs-300. The first 
charge and discharge capacity (Figure 5-16(a)) is similar to that of graphite and G-N-
MWCNTs. This seems reasonable as the material retains a d002 spacing of 0.34 nm 
from 0.87 nm upon treatment. Healing of defects at the edge sites is indicated by the 
increase in La from18 to 170 nm. Also the ID/IG ratio reverts to the ratio observed in 
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G-N-MWCNTs. These reveal a Type II isotherm (Figure 5-15(c)) similar to G-N-
MWCNTs (Figure 5-15(a)). Plot of incremental surface area vs. pore size (Figure 5-
15(f) and (i)) is also similar to that of G-N-MWCNTs (Figure 5-15(d) and (g)). 
 
  
Figure 5-16 (a) specific discharge/charge capacities and coulombic efficiency of 
SCNs-2500/Li half cells and (b) rate performance of SCNs-2500. 
 
The material shows an excellent efficiency through 150 cycles (Figure 5-16(a)). After 
that the capacity starts deteriorating and almost becomes zero in 200 cycles. The 
results indicate that the structure of SCNs-2500 is not stable under extended cycling, 
unlike G-N-MWCNTs. The rate performance (Figure 5-16(b)) of SCNs-2500 looks 
ordinary with a capacity of 200 mAh g
- 1 
and 150 mAh g
- 1
 at faster rates of C and 2C 
respectively. The capacity is below 100 200 mAh g
- 1 
at the much faster rate of 5C. 
SCNs-2500 show an average performance compared to G-N-MWCNTs, SCNs and 
SCNs-300. The annealing process is able to convert the microstructure back to 
original (G-N-MWCNTs), it may be that the new texture of SCNs-2500 is not stable 
to extended cycling. 
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5.4. Conclusions 
Table 5-8 Electrochemical performance of materials under study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5-8 tabulates the electrochemical performance of all the materials under study. 
The results suggest that Li intercalation and de-intercalation strongly depends on the 
crystalline phase, microstructure and morphology of these materials. In G-N-
MWCNTs, the reversible capacity is similar to graphite and is obtained by 
intercalation of Li between layers. In SCNs, the enhanced capacity is because of 
intercalation of Li between the layers, Faradaic reactions at oxygen-containing 
functional groups, additional binding of Li to the new edges and defects at edge sites 
of the nanodomains. On the other hand, the enhanced capacity in SCNs-300 comes 
from storage of Li in defects. Hence, by careful modification of our material we 
present different CNTs that can be accordingly used in different applications. The 
materials are easily tunable. SCNs are produced from G-N-MWCNTs by 
KMnO4/H2SO4 oxidation. SCNs-300 are obtained by thermal treatment of SCNs at 
300 °C. SCNs are annealed at high temperature (2500 °C) to produce SCNs-2500. 
 
Material 
 
C1st  
(mAh g
- 1
) 
Cirrev-1st  
(mAh g
- 1
) 
Crev-1st  
( mAh g
- 1
) 
% loss of  Crev-1st  
after 250 cycles  
Graphite[143] 
 
390 55 335 N/A 
G-N-MWCNTs 468  158  310  
 
3 
SCNs 
 
1700  720  980  
 
47 
SCNs-300 
 
1700 820  880  43 
SCNs-2500 
 
520 220 300 100 
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5.5. Experimental procedures 
5.5.1. General Methods and Materials: 
Galvanostatic cycling of coin cells was conducted using a potentiostat (Bio-Logic, 
MPG2) with cut-off potentials of 1.5 V and 0.02 V. Cycling rates were calculated 
based on the theoretical capacity of graphite, and 1 C corresponds to a specific current 
of 372 mA g
-1
 of the active materials.  
 
For ex-situ Raman characterization of electrodes, working electrodes (WEs) 
consisting of 85 wt.% active material and 15 wt.% sodium carboxymethyl cellulose 
(NaCMC) were used in the cells in order to eliminate the influence of carbon black on 
Raman signals. For TEM characterization, active material directly loaded on Cu grid 
was used as the WEs. The cycled cells were disassembled in glove box and the WEs 
were rinsed in DMC (99%) before Raman and TEM tests. 
 
Chemicals were ordered from Alfa Aesar (NaCMC, DMC and Li metal foil), Timcal 
(carbon black), Novolyte (electrolyte) and Celgard (polypropylene separators). The 
glove box used is from MBraun. 
 
5.5.2. Annealing of KMnO4 oxidized G-N-MWCNTs at 300 °C (SCNs-300) (5-1): 
Annealing was performed using degassing port of ASAP 2010 surface area analyzer.  
0.25 g sample of KMnO4 oxidized G-N-MWCNTs (2-70) was added to a sealed 
sample probe and the probe was placed in a isothermal jacket. The sample was heated 
from room temperature to the target temperature of 300 °C for 6 h. 
 
5.5.3. Annealing of KMnO4 oxidized G-N-MWCNTs at 2500 °C (SCNs-2500) (5-2): 
High-temperature annealing was performed at the UK Center for Applied Energy 
Research by heating 0.5 g samples of KMnO4 oxidized G-N-MWCNTs (2-70) in a 
capped graphite crucible in a helium-purged vertical electric resistance tube furnace.  
The sample was heated from room temperature to the target temperature of 2500 °C at 
50 °C/min under a flowing He atmosphere maintained slightly above atmospheric 
pressure.  Sample was held at the final temperature for 1 hour before being cooled to 
room temperature at 50 
°
C/min[87]. 
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5.5.4. General procedure for preparation of WEs: 
A slurry consisting of 75 wt.% active material, 15 wt.% NaCMC binder, and 10 wt.% 
conducting additive (carbon black, Super C65) suspended in deionized water, was 
coated on Cu foils. After drying at 90 °C for 12 hrs, samples of the proper size were 
punched from the coated foil and used as the WEs. The counter electrodes (CEs) were 
pure Li metal foils (99.9%), and the electrolyte was a solution of 1M LiPF6 dissolved 
in ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 by vol.). The WEs and CEs 
were separated by polypropylene separator. CR2025 coin cells were assembled in an 
argon-filled glove box where the oxygen and moisture content were both maintained 
below 0.1 ppm. 
 
Active materials tested include G-N-MWCNTs, SCNs, SCNs-300 and SCNs-2500. 
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Figure 5-17 Cartoon showing different parts of a coin cell. 
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SUMMARY 
 
 
This research study involved modification and characterization of carbon materials, 
specifically N-MWCNTs, and their application as possible negative electrodes for Li-
ion batteries. This research is highly cross-disciplinary, combining facets of chemistry 
and engineering. Compared to the conventional CNTs, N-MWCNTs command 
greater attention due to their modified physical and chemical properties. 
Functionalization of carbon materials is important to fine-tune the chemistry and 
physics required for their use in different applications. We have used dissolving metal 
reduction/alkylation and oxidations to modify N-MWCNTs which lead to textural 
modification (formation of linear and spiral channels and spiraled carbon 
nanoribbons). The chemically modified materials were characterized by TGA, DSC, 
SEM, STEM, TEM, EDX, EELS, surface area analysis using N2 BET model, micro-
Raman, XPS and powder X-ray diffraction.  
In an attempt to unfurl the observed ribbon textures further, we fabricated polymer-
CNT composites using various methods (melt method, solution methods) and pulled 
on the composites to understand the formation of these textures and answer some key 
questions about the structure of starting CNTs. The observations from this study were 
helpful in explaining the formation of different textures obtained from the same 
starting material, and gave us a confidence in proposing a structural model. The 
ultimate experiment, still to be performed, for a detailed underlying texture would be 
in-situ pulling the ribbons in an electron microscope, preferably SEM.  
In collaboration with engineers at UK, we have shown that N-MWCNTs and 
functionalized N-MWCNTs hold potential to be used as negative electrode for Li-ion 
batteries. We observed that the Li ion storage capacity depends on microstructure and 
morphology of these materials. Hence synthetic control in material designs could lead 
to breakthrough in key energy storage parameters. With SCNs, varying the degree of 
oxidation may lead to a balance between capacity and cycling stability of the 
electrode. Also, fabricating nanostructured C-templated electrodes may improve the 
Li ion capacity associated with carbon and the short cycle life associated with silicon. 
For example, materials based on a CNT-Si hybrid electrode may combine the 
advantages of high storage capacity (Si) and long cycle life (C). 
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